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ABSTRACT 
 
The biotechnological production of fuels and value-added chemicals from cellulosic 
biomass is a sustainable and ecofriendly process. Pretreatment and hydrolysis of the biomass 
produce six (glucose) and five-carbon (xylose) sugars, and toxic fermentation inhibitors, such as 
acetic acid. The efficient conversion of the cellulosic sugars in hydrolyzates by fermentation 
microorganisms is one of the key steps for the economically feasible production of biofuels and 
chemicals. Most xylose-fermenting engineered yeast cannot utilize xylose until glucose is 
completely consumed. In addition, acetic acid derived from hemicellulose during the 
pretreatment negatively influences the fermentation performance by yeast. The overall goal of 
my thesis study is to develop metabolically engineered yeast strains to overcome the 
abovementioned challenges. Simultaneous co-utilization of cellobiose (a dimer of glucose) and 
xylose could bypass the inhibition of xylose uptake by glucose and improve ethanol production. 
To this end, heterologous genes coding for cellodextrin transporter (cdt-1) and β-glucosidase 
(gh1-1) were integrated into the genome of the yeast, and the expression cassettes were 
massively amplified through laboratory evolution, resulting in significantly improved cellobiose 
fermentation. Besides ethanol production, the simultaneous co-conversion of cellobiose and 
xylose strategy was successfully applied to improve the production of value-added products, 
such as xylitol. Furthermore, integration of cellobiose, xylose, and acetic acid utilizing pathways 
into one microbial platform enabled efficient bioconversion of the mixed substrates in a 
synergistic way. Next, cellodextrin transporter 2 (CDT-2), which has the potential to surpass the 
performance of CDT-1 because of its energetic benefits under stress conditions, was engineered 
to improve cellobiose uptake under acidic conditions. The mutant CDT-2 (I96N/T487A) was 
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isolated through the directed evolution of CDT-2 followed by high-throughput screening using 
flow cytometry, and its cellobiose consumption rate under low pH conditions was much higher 
than that of the wild type CDT-2. Lastly, a genetic perturbation for enhancing the acetic acid 
tolerance has been identified via genomic library screening. Overexpression of RCK1 coding for 
protein kinase involved in the oxidative stress response in yeast significantly improved both 
glucose and xylose fermentations under acidic conditions, reducing intracellular reactive oxygen 
species (ROS) accumulation. We demonstrated that the rational and combinatorial metabolic 
engineering strategies enabled engineered yeast strains to overcome the challenges in 
fermentation for the conversion of cellulosic biomass. Moreover, this study provided valuable 
findings that can be applied to industrial fermentation processes.   
 
 
 
 
 
 
 
 
 
 
 
 
 
iv 
 
ACKNOWLEDGEMENTS 
 
I am very thankful to my thesis advisor, Dr. Yong-Su Jin, for his support and guidance 
throughout my graduate research. Also, I would like to thank the other members of my advisory and 
thesis committees for their valuable advices: Drs. Michael Miller, Christopher Rao, Manabu 
Nakamura, Hans Blaschek, and Hao Feng. 
I am also grateful to my former and current colleagues in Dr. Jin’s lab, Suk-Jin Ha, Hyo-Jin 
Kim, Won-Heong Lee, Soo Rin Kim, Jun-Seob Kim, Suryang Kwak, Seungoh Seo, Heejin Kim, 
Jaewon Lee, Pan-Jun Kim, Na Wei, Guochang Zhang, Ching-Sung Tsai, Jingjing Liu, Lahiru 
Jayakody, Josh Quarterman, Panchalee Pathanibul, In Iok Kong, Tim Turner, Haiqing Xu, Stephan 
Lane, Hong Nan, Nurzhan Kuanyshev, Wei Kang, Anastashia Lesmana, Clarissa Florencia, and 
Gyver Million. Without their support, it would not be possible to conduct this research. Also, I would 
like to thank many collaborators, Drs. Jamie Cate (UCB), Adam Arkin (UCB), Jeff Skerker (UCB), 
Matthew Maurer (UCB), Kyung Heon Kim (KU), and Min-Kyu Oh (KU). This study would not 
have been possible without generous funding from the Energy Biosciences Institute (EBI). 
Finally, I thank my wife, Okhyung, my parents Kyungwhan and Myungsook, all my friends 
and family members, and my former advisor Prof. Jin-Ho Seo for their love, support, and prayers 
through the years.  
 
 
 
 
 
 
v 
 
TABLE OF CONTENTS 
 
CHAPTER I     INTRODUCTION TO METABOLIC ENGINEERING FOR PRODUCING 
FUELS AND VALUE-ADDED CHEMICALS  .............................................................................1 
CHAPTER II     GENE AMPLIFICATION ON DEMAND ACCELERATES CELLOBIOSE 
UTILIZATION IN ENGINEERED SACCHAROMYCES CEREVISIAE .....................................16 
CHAPTER III     ENHANCED XYLITOL PRODUCTION THROUGH SIMULTANEOUS 
CO-UTILIZATION OF CELLOBIOSE AND XYLOSE BY ENGINEERED 
SACCHAROMYCES CEREVISIAE  ..............................................................................................49 
CHAPTER IV     SIMULTANEOUS UTILIZATION OF CELLOBIOSE, XYLOSE, AND 
ACETIC ACID FROM LIGNOCELLULOSIC BIOMASS FOR BIOFUEL PRODUCTION BY 
AN ENGINEERED YEAST PLATFORM  ..................................................................................75 
CHAPTER V     TRANSPORTER ENGINEERING FOR IMPROVED CELLOBIOSE 
FERMENTATION UNDER LOW PH CONDITIONS IN SACCHAROMYCES 
CEREVISIAE .................................................................................................................................97 
CHAPTER VI     IDENTIFICATION OF GENE TARGETS FOR IMPROVED ACETIC ACID 
TOLERANCE IN SACCHAROMYCES CEREVISIAE THROUGH INVERSE METABOLIC 
ENGINEERING  .........................................................................................................................122 
CHAPTER VII     SUMMARY AND FUTURE STUDIES  .....................................................146 
CHAPTER VIII     REFERENCES  ..........................................................................................152 
 
1 
 
 
 
 
 
 
CHAPTER I     INTRODUCTION TO METABOLIC ENGINEERING FOR 
PRODUCING FUELS AND VALUE-ADDED CHEMICALS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2 
 
1.1 General introduction    
The efficient utilization of fermentable sugars from cellulosic biomass is essential for the 
cost-effective production of value-added chemicals using microorganisms (Wyman, 2007). 
Sugarcane and corn starch have been used as a sugar source for microbial fermentation for a long 
time, but the “food versus biofuel” issue has been a concern in using sugarcane and corn starch as 
feedstocks for biofuel (Pimentel et al., 2009). Cellulosic biomass could provide a sustainable 
solution (Schmer et al., 2008). The pretreatment and hydrolysis of plant biomass generate 
hydrolyzates containing various hexoses and pentoses, among which the major sugars are glucose 
and xylose (Kim et al., 2012b). Therefore, recent research has focused on efficient microbial 
fermentation of both hexose and pentose sugars to produce biofuels, such as ethanol (Rubin, 2008).  
There are various xylose-utilizing microorganisms in nature such as Scheffersomyces 
stipitis. However, this yeast cannot ferment sugars well under industrial-scale conditions. When 
microorganisms ferment sugars from cellulosic biomass, they are exposed to high osmotic stress, 
low pH, and strict anaerobic conditions (Almeida et al., 2011). The traditional glucose fermenting 
strain Saccharomyces cerevisiae is a robust microbial platform widely used in large-scale 
fermentation of sugarcane and corn starch for ethanol production, as well as in many other 
industrial processes for the production of value-added chemicals (Kuyper et al., 2005b; Romanos 
et al., 1992). In addition, effective genetic tools have been developed for S. cerevisiae so that 
genetic modifications can be performed for desired purposes (Forsburg, 2001). While S. cerevisiae 
has been domesticated throughout human history and achieves nearly complete fermentation of 
glucose to ethanol, it cannot ferment xylose, the second most common sugar in hydrolyzates, due 
to the lack of a functional xylose-assimilating pathway. S. cerevisiae has been engineered to 
ferment xylose into ethanol (Kötter and Ciriacy, 1993). Because wild type S. cerevisiae does not 
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possess genes coding for xylose reductase (XR) and xylitol dehydrogenase (XDH) (Tantirungkij 
et al., 1993), a common strategy is to express heterologous genes (XYL1 and XYL2) coding for XR 
and XDH from S. stipitis (Jeffries, 2006) (Fig. 1.1A). With this xylose assimilation ability, S. 
cerevisiae can use the pentose phosphate pathway to convert xylose into ethanol. Second, the 
heterologous expression of xylA coding for xylose isomerase (XI) from anaerobic fungi or bacteria 
provides a xylose-assimilating pathway in S. cerevisiae. While the XR/XDH pathway includes a 
two-step redox reaction, the isomerization of xylose by XI does not require cofactors (van Maris 
et al., 2007) (Fig. 1.1B).       
 
1.2 Challenges in fermentation processes for converting cellulosic sugars into value-
added chemicals  
Although the engineered S. cerevisiae can assimilate xylose via the expression of 
heterologous genes (XYL1/XYL2 or xylA), it is still challenging to perform fermentation using a 
mixture of glucose and xylose. S. cerevisiae utilizes glucose preferentially (Carlson, 1999; 
Trumbly, 1992) and the consumption of other sugars such as xylose occurs only after the glucose 
is depleted. This sequential utilization of sugars when glucose is present results in reduced 
volumetric productivity of ethanol (Kim et al., 2012b). Because cellulosic hydrolyzates mainly 
contain a mixture of glucose and xylose, this “glucose repression” problem is a major barrier for 
efficient fermentation of mixed sugars (Hahn-Hägerdal et al., 2007). S. cerevisiae has been 
metabolically engineered to overcome glucose repression using the following strategies. First, 
hexose transporters were engineered to transport xylose without inhibition by glucose. Strains 
expressing mutants of the yeast hexose transporters Hxt7 and Gal2 showed abilities to consume 
xylose without any inhibition by glucose, indicating that the changes in the defined regions resulted 
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in increased affinities for xylose (Farwick et al., 2014). In addition to the S. cerevisiae transporters, 
heterologous expression of mutant xylose-specific transporters such as Candida intermedia GXS1 
enabled the engineered yeast to uptake xylose specifically (Young et al., 2014). Second, utilization 
of cellobiose and xylose by the engineered yeast did not exhibit glucose repression during the 
fermentation processes. In previous studies, to achieve the co-fermentation of a sugar mixture in 
cellulosic hydrolyzates, a surface display of β-glucosidase has been successfully applied to 
hydrolyze cellodextrin to glucose (Kondo and Ueda, 2004). As xylose uptake is facilitated by 
hexose transporters, the surface display of β-glucosidase generating extracellular glucose inhibits 
the xylose uptake in the engineered S. cerevisiae (Nakamura et al., 2008). Recently, Ha and 
coworkers developed a strategy which enabled the co-fermentation of xylose and cellobiose, a 
dimer of glucose, to solve glucose repression problem through the intracellular hydrolysis of 
cellodextrin (Fig. 1.2) (Ha et al., 2011a). The intracellular hydrolysis solves the problem that the 
β-glucosidase surface display could not. Wild type S. cerevisiae cannot utilize cellobiose as a 
carbon source, but the expression of genes encoding a cellodextrin transporter (cdt-1) and 
intracellular β-glucosidase (gh1-1) from Neurospora crassa allows cellobiose assimilation in S. 
cerevisiae (Galazka et al., 2010). The engineered strain containing xylose and cellobiose-
assimilating pathways consumed cellobiose and xylose simultaneously and showed a higher 
ethanol yield and productivity than the fermentation of a mixture of glucose and xylose (Ha et al., 
2011a). 
The conversion of cellulosic biomass to hydrolyzates consists of a high-temperature step 
and an enzymatic hydrolysis with acid catalysts (Agbor et al., 2011). During the processes, various 
inhibitory compounds are released from the cellulosic materials. Weak acids, furan derivatives, 
and phenolic compounds are the three major groups of inhibitors in the cellulosic hydrolyzates 
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(Palmqvist and Hahn-Hägerdal, 2000a). While some of the inhibitors such as furfural and HMF 
can be metabolized by S. cerevisiae under oxygen-limited or anaerobic conditions, weak acids 
such as acetic acid inhibit cell growth and have negative effects on sugar fermentation (Palmqvist 
and Hahn-Hägerdal, 2000b). The predominant form of acetic acid at lower pH conditions is 
undissociated form. Because undissociated acetic acid is lipid permeable, it can enter cells by 
passive diffusion (Mollapour and Piper, 2007). The undissociated form of acetic acid dissociates 
immediately upon diffusion due to higher intracellular pH in the cytosol, resulting in intracellular 
acidification (Ullah et al., 2012). In order to maintain the intracellular pH, it is necessary for the 
cell to pump out the excess protons using the ATPase Pma1p in the plasma membrane (Fig. 1.2). 
Thus, the cell requires more ATP to maintain the intracellular pH, leading to the inhibition of cell 
growth (Pampulha and Loureiro-Dias, 2000). For these reasons, acetic acid is a particularly 
important inhibitor to overcome for improving yeast fermentation of the cellulosic hydrolyzates. 
Laboratory evolution and long-term adaptation of the yeast strains in media containing high 
concentrations of acetic acid have produced acetic acid-tolerant strains (Almario et al., 2013; 
Koppram et al., 2012; Wright et al., 2011). In addition, recent advances in metabolic engineering 
have revolutionized the rational approaches to metabolic pathways, as shown in the case of the 
Cas9/CRISPR system (Zhang et al., 2014). 
 
1.3 The effects of cofactor regeneration and energetic benefits on yeast fermentation 
Cofactors, such as NADPH, NADH, and FADH function as redox carriers for biosynthetic 
reactions and catabolic reactions. They also play an important role in transfer of energy in the 
electron transport chain reaction. In particular, NADH/NAD+ and NADPH/NADP+ cofactor pairs 
in microorganisms are related to numerous biochemical reactions and enzyme activities. In 
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addition, they have physiological functions such as regulating energy metabolism and controlling 
carbon flux (Chen et al., 2014). Cofactors play an important role for the engineering of xylose-
assimilating pathway in S. cerevisiae. Xylose is converted into xylitol by NADPH-dependent XR, 
and the xylitol is converted into xylulose by NAD+-dependent XDH. Although recombinant 
S.cerevisiae expressing these two enzymes (XR/XDH) can ferment xylose as the sole carbon 
source, the difference in the cofactor preference of each enzyme generates cofactor imbalance, 
resulting in significant xylitol accumulation and reduction of ethanol yield (Kim et al., 2013a). In 
order to overcome the cofactor imbalance caused by the XR/XDH pathway, three strategies have 
been proposed: (1) use xylose isomerase instead of XR/XDH, (2) engineer the cofactor preference 
of XR from NADPH into NADH, and (3) introduce an acetate reduction pathway to re-oxidize 
surplus NADH. First, xylose isomerase genes identified from bacteria such as Bacteroides 
stercoris or anaerobic fungi such as Piromyces sp. E2 have been expressed in S. cerevisiae (Brat 
et al., 2009; Ha et al., 2011b; Kuyper et al., 2005a). Although expression of xylose isomerase (XI) 
does not require cofactors, most of the attempts to express XI in S. cerevisiae were not successful. 
Second, protein engineering such as site-directed mutation of cofactor-binding sites altered the 
preference of cofactors for XR or XDH to bypass the cofactor imbalance. Many studies 
demonstrated that the expression of NADH-dependent XR mutant with the wild type NAD+-
dependent XDH exhibited a higher ethanol productivity and yield than the expression of wild type 
XR (Petschacher and Nidetzky, 2008; Watanabe et al., 2007a; Watanabe et al., 2007b) . In addition, 
the cofactor balanced XR/XDH pathway resulted in less accumulation of xylitol, suggesting that 
the cofactor imbalance problem might be responsible for suboptimal xylose fermentation (Kim et 
al., 2013a). Third, heterologous expression of acetylating acetaldehyde dehydrogenase (AADH) 
from E. coli and supplementation of acetate can regenerate NAD+ which is used as a cofactor of 
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XDH. The NADH-consuming acetate reduction pathway and NADH-producing xylose-utilizing 
pathway were coupled to improve xylose fermentation as well as to enable acetate consumption 
under anaerobic conditions. This co-consumption of xylose and acetic acid can take advantage of 
the inhibitor in cellulosic hydrolyzates for improving ethanol production (Wei et al., 2013). 
 In yeast fermentation, pathways with high ATP yields might be important for efficient 
biofuel and chemical production from the cellulosic hydrolyzates (de Kok et al., 2011). As 
industrial fermentations are performed under anaerobic and low pH conditions, sufficient ATP 
supply affects fermentation rate. First, introduction of an alternative cellobiose utilizing pathway 
into yeast is an example of ATP-saving pathways. This pathway, using cellobiose phosphorylase 
(CBP) instead of β-glucosidase (BGL), does not accumulate cellodextrin which can reduce ethanol 
yield during cellobiose fermentation. In addition, this CBP pathway also uses less ATPs than the 
BGL pathway. When expressing the CBP pathway with the wild type cellodextrin transporter, the 
rate of cellobiose fermentation was lower than that of the BGL pathway. However, when mutant 
cellodextrin transporter (higher Vmax) was used, the CBP pathway achieved higher fermentation 
rate under anaerobic conditions than the BGL pathway. These results suggest that with the high 
cellobiose transport rate, the CBP pathway might be advantageous for implementation of desired 
traits requiring ATP, such as ethanol tolerance or tolerance to fermentation inhibitors (Ha et al., 
2013). Second, cellodextrin transporters which do not require ATP to uptake cellobiose might be 
beneficial under energy-limited conditions. In previous studies, two cellodextrin transporters 
(CDT-1 and CDT-2) were identified in N. crassa. CDT-1 is a proton symporter requiring ATP to 
transport cellobiose, while CDT-2 is a facilitator which does not consume ATP to work (Galazka 
et al., 2010). Although the transporter activity of CDT-2 is lower than that of CDT-1, CDT-2 has 
the potential for applications in industrial processes due to its energetic benefits. Lian and 
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coworkers created a mutant CDT-2 using directed evolution approaches which showed a 4-fold 
increase in its cellobiose consumption rate over CDT-1 under anaerobic conditions  (Lian et al., 
2014)      
 
1.4 Metabolic engineering 
S. cerevisiae has played a major role as a model organism for studying molecular 
mechanisms of diseases such as cancer and diabetes (Botstein et al., 1997). With rising demand 
for developing efficient strains to produce biofuels and chemicals, S. cerevisiae has become one 
of the most important cell factories (Porro and Branduardi, 2009). Not only an excessive amount 
of data and engineering tools are available for S. cerevisiae, but also this yeast is relatively tolerant 
to low pH and high sugar conditions. That is why S. cerevisiae has been widely used as a host 
organism for industrial production of value-added chemicals (Hasunuma and Kondo, 2012). 
Metabolic engineering focuses on improving cellular activities as an applied science by the use of 
recombinant DNA technology (Bailey, 1991). Many available tools for modifying, analyzing, and 
modeling metabolic fluxes have been developed in recent years. Therefore, the range of metabolic 
engineering is not limited to studying isolated metabolic pathways. Systems level “omics” 
technologies are required for improving cellular activities via a holistic view of an entire cell 
(Nielsen and Jewett, 2008). 
 
1.4.1 Rational approaches for metabolic engineering  
Rational metabolic engineering refers to the engineering of enzymes and regulatory 
proteins based on a rational analysis of pathway stoichiometry, kinetics, and regulation. The 
rational approaches include pathway analysis, flux optimization, manipulating the metabolism, 
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and shifting the flux toward the desired products (Fig. 1.3) (Woolston et al., 2013). Most initial 
metabolic engineering approaches were rational manipulations of the metabolism and flux toward 
the desired product, and a variety of strategies in microbial platforms have been implemented 
successfully (Stephanopoulos and Sinskey, 1993).  
Biotechnological production of sugar alcohols such as xylitol and mannitol in S. 
cerevisiae is an example of rational metabolic engineering. Introduction of XYL1, coding for 
xylose reductase (XR) from S. stipitis, is necessary for S. cerevisiae to metabolize xylose and 
produce xylitol. Engineered S. cerevisiae expressing XYL1 can produce xylitol with a theoretical 
yield of 1.00 g/g because the engineered strain cannot assimilate xylose as a carbon source. Since 
S. cerevisiae also does not produce mannitol naturally, the heterologous metabolic pathway to 
produce mannitol from glucose has been introduced as follows. First, the E. coli gene mtlD 
coding for mannitol-1-phosphate dehydrogenase was expressed to convert fructose-6-phosphate 
to mannitol-1-phosphate. Second, GPD1 and GPD2 coding for NADH-dependent glycerol-3-
phosphate dehydrogenase were disrupted to provide surplus NADH for reducing fructose-6-
phosphate. The engineered S. cerevisiae was able to produce mannitol from glucose 
anaerobically with a yield of 0.12 (g mannitol/g glucose). As a result, the engineering approaches 
to improving both the redox balance and substrate availability were effective (Costenoble et al., 
2003). 
Although the rational metabolic engineering method has been widely used for improving 
strain performance, it is not sufficient for the optimization of the desired phenotypes. Direct 
alteration of metabolic pathways or proteins can have negative effects on other cellular functions 
in many cases (Bornscheuer and Pohl, 2001; Chen, 2001), because underlying factors in the 
highly regulated metabolic network or biomolecular interactions have been unwittingly affected. 
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In addition, lack of information reduces the probability of success in altering cell metabolism 
(Sauer, 2001). The rational approaches are based on the prior knowledge and understanding of 
cell metabolism and genetics, and thus the connections between these factors are complicated. 
Metabolic burden and product toxicity must also be considered for successful metabolic 
engineering. 
 
1.4.2 Combinatorial approaches for metabolic engineering 
Combinatorial approaches do not rely on a prior knowledge of cell metabolism. Instead, 
random changes can be used to provide superior genotypes of a strain, which are then screened for 
improved phenotypes (Fig. 1.3) (Woolston et al., 2013). There are three examples of combinatorial 
approaches: (1) random mutagenesis, (2) inverse metabolic engineering, and (3) evolutionary 
engineering.  
The earliest example of combinatorial metabolic engineering was a random mutagenesis 
using UV light and toxic reagents. It was widely used to develop industrial platforms for such uses 
as penicillin production. Mutagenesis followed by screening enabled the isolation of desired strains, 
leading to significant improvement in the production of target materials. Besides the production of 
value-added chemicals, various desired phenotypes such as improved ethanol tolerance in yeast 
have been achieved by random mutagenesis (Thammasittirong et al., 2013). The second 
combinatorial approach is inverse metabolic engineering. The starting point of an inverse 
metabolic engineering is identification of desired phenotypes from a mixture of mutants after 
introducing genetic perturbations. Recent advances in metabolic engineering have enabled various 
strategies for generating mutant strains with beneficial phenotypes. The methods for gene 
diversification involve a genomic DNA library (Lee et al., 2011), mutant library of target genes 
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created by error-prone PCR (Packer and Liu, 2015), DNA shuffling (Zhang and Geng, 2012), and 
global transcriptional machinery engineering (gTME) library (Zhao et al., 2014). In order to 
increase efficiency in identifying the desired phenotypes, high-throughput screening including 
fluorescence-activated cell sorting (FACS), microfluidics, and an automatic growth analyzer 
(Bioscreen C) can be applied and modified. The next step is understanding the underlying 
mechanisms causing the desired phenotypes based on the information from the isolated genetic 
perturbations. The information accumulated from inverse metabolic engineering can provide more 
informed, rational, and constructive strategies for further applications (Bailey et al., 2002). Lastly, 
transferring these genetic perturbations to other microorganisms or strains confirms their 
genotype-phenotype associations. Another example of combinatorial metabolic engineering is 
evolutionary engineering. Evolutionary engineering is used to enrich populations containing 
desired phenotypes through serial subcultures (Wisselink et al., 2009). This strategy allows the 
desired phenotypes to occur while the cells adjust the whole metabolism in a coordinated way by 
themselves, which not only minimizes the drawbacks to the cell metabolism but also achieves the 
industrial application purposes. In addition, evolutionary engineering can easily be combined with 
metabolic engineering for further improvement (Petri and Schmidt-Dannert, 2004; Wisselink et 
al., 2009). Evolutionary engineering followed by genome sequencing offers the identification of 
new gene targets associated with the altered phenotypes (Kim et al., 2013b). A number of previous 
studies have reported the successful application of evolutionary engineering for enhancing 
resistance to the fermentation inhibitors derived from cellulosic biomass and improving xylose 
consumption rates (Kim et al., 2013b; Sonderegger and Sauer, 2003). Kim and coworkers 
developed efficient xylose-fermenting S. cerevisiae through laboratory evolution. At first, the 
engineered strain exhibited a long lag phase when cultured in 40 g/L of xylose as the sole carbon 
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source. After serial subcultures on xylose, the evolved strain showed a shorter lag phase and higher 
xylose consumption rate than the parental strain. Genome sequencing of the evolved strain 
revealed that mutations in the PHO13 gene coding for phosphatase caused the improved xylose 
fermentation (Kim et al., 2013b).   
 
1.5 Motivations and research objectives 
Cellulosic biomass (e.g. agricultural and forest residues, municipal and industrial wastes, 
and energy crops) has been identified as the prime source for producing renewable biofuels and 
other value-added products due to its low cost, large-scale availability and potential for reducing 
greenhouse gas emissions (Hahn-Hägerdal et al., 2006; Tilman et al., 2009). Pretreatment and 
hydrolysis of lignocellulosic materials generate a mixture of hexose and pentose sugars (Sun and 
Cheng, 2002). Meanwhile, due to acetylation of hemicelluloses in cellulosic biomass, dilute-acid 
hydrolyzates contain substantial amounts of acetic acid (Klinke et al., 2004). Therefore, 
development of microbial strains capable of the efficient utilization of sugars in cellulosic 
hydrolyzates is crucial for industrial applications. 
The objective of this thesis is to develop optimal yeast strains capable of producing fuels 
and chemicals efficiently from cellulosic biomass.  There are five specific objectives: (i) construct 
an efficient cellobiose metabolic pathway in S. cerevisiae; (ii) demonstrate metabolic engineering 
strategies to apply simultaneous co-utilization of mixed sugars derived from cellulosic biomass; 
(iii) integrate multiple substrate consumption pathways in a synergistic way for enhanced 
bioconversion; (iv) engineer cellodextrin transporters to improve cellobiose fermentation under 
lower pH conditions; and (v) identify novel gene targets for enhancing sugar fermentation in the 
presence of acetic acid.   
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1.6 Figures 
 
 
                                  
 
Fig. 1.1 Xylose-assimilating pathways in yeast (A) and E. coli (B). The heterologous expression 
of the XYL1 and XYL2 genes from S. stipitis enables S. cerevisiae to assimilate xylose as the sole 
carbon source.  
 
 
 
 
 
 
 
 
 
 
 
 
A B 
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Fig. 1.2 Challenges in fermentation for conversion of cellulosic biomass to value-added 
chemicals. Glucose repression and acetic acid toxicity are major barriers to the efficient 
conversion of sugars derived from cellulosic hydrolyzates.  
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Fig. 1.3 Rational and combinatorial approaches for metabolic engineering of microorganisms. 
The rational approaches are based on the available information about the pathways, enzymes, 
and their regulation to shift the flux toward the desired products. In contrast to the rational 
approaches, the combinatorial approaches do not rely on a prior knowledge of cell metabolism. 
Instead, random genetic perturbations can be used to provide the genotypes desired in a strain. 
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CHAPTER II     GENE AMPLIFICATION ON DEMAND ACCELERATES 
CELLOBIOSE UTILIZATION IN ENGINEERED SACCHAROMYCES CEREVISIAE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The content of this chapter is in preparation for submission. I was the first author of the paper 
and Jeffrey Skerker, Soo Rin Kim, Na Wei, Matthew Maurer, Adam Arkin, and Yong-Su Jin 
were co-authors. I performed the research with help from the co-authors and Dr. Yong-Su Jin 
was the director of the research. 
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2.1 Introduction 
Efficient microbial utilization of cellulosic sugars is essential for the economic 
production of biofuels and chemicals. Although Saccharomyces cerevisiae is a robust microbial 
platform widely used in ethanol plants using sugar cane and corn starch in large-scale operations, 
glucose repression is one of the major barriers to the efficient fermentation of cellulosic sugar 
mixtures. In order to mitigate this problem, direct fermentation of cellobiose, a dimer of glucose, 
by engineered yeast has been proposed (Galazka et al., 2010; Ha et al., 2011a). Wild-type S. 
cerevisiae cannot utilize cellobiose, but introduction of a cellodextrin transporter gene (cdt-1) 
and an intracellular β-glucosidase gene (gh1-1) from Neurospora crassa allowed cellobiose 
assimilation in S. cerevisiae (Galazka et al., 2010). As cellobiose is hydrolyzed into glucose 
intracellularly in engineered yeast, glucose repression on xylose can be alleviated so that 
engineered yeast with both xylose and cellobiose-assimilating pathways was able to ferment 
cellobiose and xylose simultaneously. Moreover, the simultaneous co-fermentation of cellobiose 
and xylose led to a higher ethanol yield and productivity as compared to the sequential 
fermentation of glucose and xylose (Ha et al., 2011a). 
There are two potential problems with cellobiose fermentation in prior studies (Ha et al., 
2013; Ha et al., 2011a; Kim et al., 2014). First, the engineered yeast utilized episomal plasmids 
which are subject to plasmid loss in non-selective media due to a metabolic burden on the host 
(Zhang et al., 1996). Second, the engineered yeast accumulated substantial amounts of 
cellodextrin due to the transglycosylation activity of β-glucosidase when there is a mismatch 
between glucose production and consumption rates during the cellobiose fermentation. While the 
accumulated cellodextrin can be re-assimilated later, it might decrease ethanol productivity (Ha 
et al., 2011a). In this study, we aimed to solve these two problems in the cellobiose-fermenting 
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yeast constructed using episomal plasmids.  To alleviate these issues, we integrated the 
cellobiose assimilation pathway into the genome and performed laboratory evolution using 
cellobiose as the sole carbon source. When we introduced the cdt-1 and gh1-1 genes into the 
genome of S. cerevisiae, the engineered strain showed a low cellobiose consumption rate. 
However, we observed that the cellobiose fermentation rate increased significantly after serial 
subcultures on cellobiose. After isolating the evolved strains, we identified the genetic changes 
responsible for the improved phenotype of the evolved strain through genome sequencing. 
Interestingly, the improved cellobiose fermentation with reduced cellodextrin accumulation was 
not caused by mutations in endogenous genes of S. cerevisiae, but instead greatly increased copy 
numbers of cdt-1 and gh1-1 with a presumably optimized copy-number ratio of 1:2, respectively. 
These results suggest that copies of genes coding for metabolic enzymes might be amplified in 
yeast if there is a growth advantage, and the cellobiose assimilation pathway (transport and 
hydrolysis) might be a rate-limiting step of cellobiose fermentation by engineered S. cerevisiae.  
 
2.2 Materials and methods  
 
2.2.1 Strains, media and culture conditions 
The yeast plasmids and strains used in this study are summarized in Table 2.1. 
Escherichia coli DH5 (F– recA1 endA1 hsdR17 [rK– mK+] supE44 thi-1 gyrA relA1) 
(Invitrogen, Gaithersburg, MD) was used for gene cloning and manipulation. The E. coli was 
grown in Luria-Bertani medium. 50 µg/mL of ampicillin was added as required. Yeast strains 
were routinely cultivated at 30 ˚C in YP medium (10 g/L of yeast extract and 20 g/L of peptone) 
with 20 g/L of glucose or 20 g/L of cellobiose. To select the transformants using an auxotrophic 
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marker, yeast synthetic complete (SC) medium was used, which contained 6.7 g/L of Yeast 
Nitrogen Base (YNB) plus 20 g/L of glucose, 20 g/L of agar, and CSM-Leu-Trp-Ura-His (MP 
Biomedicals, Santa Ana, CA) with a supply of appropriate nucleotides and amino acids. 
 
2.2.2 Strains and plasmid construction 
All of the primers used for constructing plasmids are listed in Table 2.2. We used the 
CloneEZ PCR cloning Kit (Genscript, Piscataway, NJ) to construct plasmids expressing β-
glucosidase (gh1-1) and cellodextrin transporter (cdt-1) from N. crassa. The plasmids pRS425-
gh1-1 and pRS426-cdt-1 were constructed in a previous study to overexpress β-glucosidase (gh1-
1) and cellodextrin transporter (cdt-1) under the control of the PGK1 promoter and CYC1 
terminator (Galazka et al., 2010). Each expression cassette of β-glucosidase and cellodextrin 
transporter was amplified by PCR between the T3 and T7 sites on both pRS425-gh1-1 and 
pRS426-cdt-1. Linearized vectors were prepared by PCR, amplifying the backbone region 
(including the auxotrophic markers and replicons) between T3 and T7 primer binding sites of 
templates pRS405, pRS406, pRS423, pRS424, pRS425, and pRS426. The expression cassettes 
for the T3-T7 section were cloned to the linearized vectors by a recombination procedure. The 
resulting plasmids pRS405-gh1-1 and pRS406-cdt-1 were integrated into the LEU2 and URA3 
loci of the S. cerevisiae D452-2 strain, yielding the EJ1 strain. The S. cerevisiae CEN.PK2-1D 
strain was used as a host strain to express β-glucosidase (gh1-1) and cellodextrin transporter (cdt-
1) using multi-copy plasmids. The yeast EZ-Transformation kit (MP Biomedicals, Santa Ana, 
CA) was used to transform the expression cassettes. The transformants were selected on SC agar 
medium containing 20 g/L of glucose. Amino acids and nucleotides were added as necessary. 
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To construct the SVL3 deletion mutants, the svl3Δ::KanMX4 cassette was amplified by 
PCR from the genomic DNA of the BY4742 svl3Δ strain in the Yeast Knockout Collection 
(Open Biosystems, Pittsburgh, PA). The PCR product was purified and integrated into the strain 
EJ1, and the deletion mutant was selected on YP medium (10 g/L of yeast extract and 20 g/L of 
peptone) containing 20 g/L of glucose with 500 μg/mL of G418. The S. cerevisiae SVL3 gene 
was PCR amplified from the genomic DNA of strains EJ1 and EJ2 using the primers SVL3 
cloning-F and SVL3 cloning-R. Each amplified DNA fragment was cloned into the plasmid 
pRS423 under the control of the TDH3 promoter and CYC1 terminator. The transformation of 
the constructed plasmids was performed using the yeast EZ-Transformation kit (MP 
Biomedicals, Santa Ana, CA).     
 
2.2.3 Fermentation experiments  
The yeast cells were grown in YP medium containing 20 g/L of cellobiose to prepare 
inoculums for the fermentation experiments. The cells were harvested in the mid-exponential 
phase and inoculated into the experimental flasks after washing them twice with sterilized water. 
The 125 mL flasks fermentation contained 25 mL of YP medium with the appropriate sugars at 
30 °C with initial optical densities (OD) at 600 nm of 1.0 or 0.1 under oxygen-limited conditions. 
 
2.2.4 Preparation of crude extract and β-glucosidase activity assay 
Yeast cells grown to mid-log phase at 30 ˚C in YP medium with 20 g/L of cellobiose 
were harvested by centrifugation at 3000  g for 5 min. The cell pellets were washed and 
suspended in Y-PER solution (Pierce, Rockford, IL). After incubation at room temperature for 
20 min., the cell suspension was centrifuged at 13,000 rpm for 10 min. to completely remove the 
21 
 
cell debris. The supernatant (crude enzyme extract) was kept on ice for the enzyme assay. The β-
glucosidase activity was measured according to the previous method (Galazka et al., 2010) in a 
reaction solution containing 50 mM of sodium acetate buffer (pH 4.8) and 6.7 mM of para-
Nitrophenyl β-D-glucopyranoside (pNPG). The release of p-Nitrophenol (NP) was monitored by 
a microplate reader (Synergy 2; Biotek, Winooski, VT) at 405 nm during 1 hour of incubation at 
30 ˚C. One unit of enzyme activity is defined as the amount of enzyme that catalyzes 1 mol of 
substrate per min. at 30 ˚C. The protein concentration was determined by the BCA method 
(Pierce, Rockford, IL). 
 
2.2.5 Quantitative PCR for determining genomic copy numbers of gh1-1 and cdt-1 
The genomic DNA of the strain from each subculture was prepared with the YeaStar 
Genomic DNA Kit (Zymo Research, Orange, CA) and quantified by NanoDrop ND-1000 
(Thermo Fisher Scientific, Wilmington, DE). Real-time PCR was performed using SYBR Green 
I Master (Roche) on a Lightcycler 480 instrument (Roche Applied Science, Indianapolis, IN) 
following the manufacturer’s directions. As shown in Table 2.2, the primers were designed to 
detect the gh1-1 and cdt-1 genes. The concentrations of the genes were quantified by standard 
curves generated by the gh1-1 and cdt-1 fragments purified from pRS425-gh1-1 and pRS426-
cdt-1 respectively. The calculations of the genomic copy numbers were determined by a 
comparison of the relative concentrations of the genes obtained by quantitative PCR, as 
described by Kim et al. (Kim et al., 2013b).   
 
2.2.6 Genome sequencing, SNP discovery, and estimation of copy numbers 
22 
 
The genomic DNA from S. cerevisiae EJ1 and EJ2 was prepared using the YeaStar 
Genomic DNA Kit (Zymo Research, Irvine, CA). The genome sequencing was performed using 
an Illumina HiSeq2000 machine in the W. M. Keck Center for Comparative and Functional 
Genomics at the University of Illinois at Urbana-Champaign. The barcoded shotgun genomic 
DNA libraries were constructed with the TruSeq DNAseq Sample Prep Kit (Illumina, San Diego, 
CA). The diluted equimolar libraries (10 mM) were multiplexed on a lane and sequenced using 
single reads for 100 nt by the Illumina HiSeq2000, with SBS chemistry version 2. The raw data 
were processed by Casava 1.7. SNP discovery, and the estimation of the copy numbers was 
performed using CLC Genomics Workbench 7.0.2 (CLC Bio, Aarhus, Denmark). The sequence 
reads were trimmed with a quality score limit of 0.05, and assembled into reference sequences. 
As reference sequences, S. cerevisiae S288C was used for the SNP discovery, and the 
combinations of the RT-PCR reference genes commonly used for quantitative gene expression 
(Teste et al., 2009). ACT1, IPP1, and PDA1 were used to estimate the copy numbers of gh1-1 
and cdt-1 in order to get the average coverage for them. Probabilistic variant detection was 
performed with a minimum coverage of 10 and a probability of 90, and these variants were 
compared to the reference variants to discover SNP. 
 
2.2.7 Pulsed field gel electrophoresis (PFGE) 
Chromosomal DNA was prepared with the CHEF genomic DNA plug kit (Bio-Rad, 
Hercules, CA). The agarose plugs containing yeast chromosomes were loaded to a 0.8 % agarose 
gel in a 0.5  TBE buffer. Bio-Rad CHEF Mapper XA pulsed field electrophoresis system was 
used to separate chromosomes with following conditions: a voltage of 6 V/cm, a run time of 24 
hours, and an angle of 120 ˚ at 14 ˚C. 
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2.2.8 Analytical methods 
Cell growth was monitored by OD at 600 nm using a UV-visible spectrophotometer 
(Biomate 5, Thermo, NY). The glucose, cellobiose, xylose, xylitol, glycerol, acetate and ethanol 
concentrations were determined by high-performance liquid chromatography (HPLC, Agilent 
Technologies 1200 Series) equipped with a refractive index detector using a Rezex ROA-
Organic Acid H+ (8%) column (Phenomenex Inc., Torrance, CA). The column was eluted with 
0.005 N of H2SO4 at a flow rate of 0.6 mL/min at 50 ˚C. 
 
2.3 Results 
 
2.3.1 Construction of cellobiose-utilizing strains via integration of cdt-1 and gh1-1 
In contrast to prior studies, we integrated cdt-1 and gh1-1 into the genome of S. 
cerevisiae. The EJ1 strain harboring both cdt-1 and gh1-1 in the genome consumed cellobiose at 
an extremely slow rate in YP medium containing cellobiose as the sole carbon source (Fig. 2.1). 
When 80 g/L of cellobiose was provided, the EJ1 strain consumed only 65 g/L of cellobiose in 
311 hours and produced 11.6 g/L of ethanol. The volumetric productivity (PEthanol/Cellobiose) of the 
cellobiose fermentation was 0.037 g/L∙h and ethanol yield (YEthanol/Cellobiose) was 0.18 g ethanol/g 
cellobiose. The cellobiose consumption rate of the EJ1 strain became much slower after 140 
hours where acetate concentration was 1.94 g/L. The acetate accumulation might have inhibited 
cellobiose consumption as well as cell growth. When compared to a strain expressing episomal 
multi-copies of the same genes (Kim et al., 2014), the EJ1 strain expressing the chromosomal 
single copy of cdt-1 and gh1-1 assimilated cellobiose at an extremely slow rate (2.22 vs. 0.18 
g/L∙h). 
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2.3.2 Improved cellobiose-fermenting capability through laboratory evolution  
In order to improve the cellobiose fermentation rate, the EJ1 strain was subjected to serial 
subcultures in YP medium containing 80 g/L of cellobiose as the sole carbon source. We 
hypothesize that culturing on 80 g/L of cellobiose might drive spontaneous mutations as 
incubation in a high concentration of cellobiose resulted in an extended lag time. As expected, 
the EJ1 strain showed gradual but noticeable improvement in its cellobiose consumption rate 
during the serial subcultures (Fig. 2.2). The ethanol concentration was 11.6 g/L at the end of the 
first culture but the ethanol production was 35.2 g/L at the end of last culture. Both yields and 
productivities of ethanol production from cellobiose improved substantially as the serial 
subcultures progressed (Fig. 2.1). As the last subculture might be a heterogenous population of 
various evolved strains, we plated and selected 9 colonies from the last subculture and their 
cellobiose fermentation capabilities were evaluated using the same culture medium (80 g/L of 
cellobiose) used for the serial subcultures (Fig. 2.3). The colony which exhibited the highest 
ethanol productivity was named EJ2. The cellobiose fermentation profile by the EJ2 strain was 
similar to those of the last serial subculture. These results indicate that the majority of the 
population in the last subculture had similar phenotypes to the EJ2 strain. It was evident that the 
EJ2 stain can ferment cellobiose much faster than the EJ1 strain because beneficial mutations 
might have accumulated in the genome of the EJ2 strain during the serial subcultures. 
 
2.3.3 Identification of genetic mutations in the evolved cellobiose-fermenting strain 
 Laboratory evolution under a particular selection condition, and subsequent genome 
sequence analysis of a selected colony with a desired phenotype is a proven approach of inverse 
metabolic engineering (Kim et al., 2013b; Oud et al., 2012). After comparing the genome 
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sequences of the EJ2 and EJ1 strains, we identified only one mutation in the EJ2 strain as 
compared to the EJ1 strain. A protein of unknown function encoded by SVL3 in the EJ2 strain 
had a mutation from methionine to isoleucine at position 685 (M685I) as compared to the EJ1 
strain. The SNP (G2055A) in the SVL3 gene was confirmed by Sanger sequencing of a PCR 
product amplified from the genomic DNA of the EJ2 strain. As a previous report discovered that 
SVL3 might be involved in vacuolar function (Zheng et al., 1998), we reasoned that the alteration 
of vacuole function might increase the stabilities of the cellobiose transporter and β-glucosidase 
and improve the cellobiose fermentation. To test this idea, we deleted and overexpressed the 
SVL3 gene in the slow cellobiose-fermenting strain EJ1 and examined cellobiose fermentation 
rates of the EJ1, the EJ1 svl3Δ, and the EJ1 SVL3 overexpressing strains. However, we failed to 
observe changes in cellobiose fermentation by those strains. In addition, we overexpressed the 
mutant allele of SVL3 (M685I) form the EJ2, but there was no significant difference in the 
cellobiose fermentation rate (Fig. 2.4). These results suggest that the mutation in the SVL3 gene 
is not directly associated with the improved cellobiose fermentation capability of the EJ2 strain. 
As we could not identify any mutations responsible for the rapid cellobiose fermentation 
phenotype of the EJ2 strain, we investigated the copy number variations in EJ2 as compared to 
EJ1. The average read depth, which is the number of short sequences mapped to each target from 
the Illumina sequence reads, is a crude measurement of the copy number variations. Therefore, 
we examined the average read depths of cdt-1 and gh1-1 and all open reading frames in EJ1 and 
EJ2 strains. We could not find any copy number variations of endogenous genes in S. cerevisiae, 
but 19-fold and 17-fold increases in average read depths of cdt-1 and gh1-1, respectively, in the 
EJ2 strain as compared to the EJ1 strain were identified (Fig. 2.5A). We also determined the 
copy numbers of cdt-1 and gh1-1 in the EJ1and EJ2 strains using real-time quantitative PCR 
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(qPCR). As expected, the EJ2 strain showed much higher copy numbers for cdt-1 and gh1-1 (9 
and 23, respectively) than for EJ1 (1 and 2, respectively) (Fig. 2.5B). This result suggested that 
the gene amplification of cdt-1 and gh1-1 in the genome might be responsible for the improved 
phenotype of the evolved strain (EJ2). We also measured the β-glucosidase activities in the EJ1 
and EJ2 strains and observed that the crude extract of the EJ2 strain exhibited a higher β-
glucosidase activity than the EJ1 strain, suggesting that the increased copy numbers of gh1-1 in 
the EJ2 strain resulted in increased GH1-1 enzyme (Fig. 2.6). 
 
2.3.4 Amplification of cdt-1 and gh1-1 during serial subcultures on cellobiose  
We observed gradual improvements in cellobiose fermentation rates by the evolving 
populations during the serial subcultures. As we identified the increased copy numbers of cdt-1 
and gh1-1 in the fast cellobiose-fermenting EJ2 strain which is an end point strain, we reasoned 
that the copy numbers of cdt-1 and gh1-1 in the evolving strains might increase during the serial 
subcultures. Interestingly, the copy numbers of cdt-1 and gh1-1 in the evolving strains increased 
gradually with good correlations of cellobiose consumption rates and ethanol yields (Fig. 2.1). 
Notably, there was a significant improvement of the cellobiose consumption rate at the fifth 
subculture with a substantial increase in the copy numbers of cdt-1 and gh1-1 (from 3 copies of 
cdt-1 and 5 copies of gh1-1 into 6 copies of cdt-1 and 14 copies of gh1-1). Before the fifth 
transfer, it took more than 140 hours to consume 80 g/L of cellobiose, but it took only 71 hours 
for the fifth culture to ferment 80 g/L of cellobiose, confirming that the amplification of cdt-1 
and gh1-1 was a cause of improved cellobiose fermentation of the evolving strains.   
The massive gene amplifications of cdt-1 and gh1-1 in the genome of the EJ2 strain was 
confirmed by PFGE. The expression cassettes for cdt-1 and gh1-1 were integrated into the URA3 
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and LEU2 loci in chromosome V and III, respectively in the EJ1 strain (Fig. 2.7A). Therefore, 
the sizes of chromosome V and III of the EJ2 strain should be bigger than those of the EJ1 strain. 
As the size of cdt-1 cassette was 7.3 kb and the EJ2 strain contained 14 copies of it, the size of 
chromosome V of the EJ2 will be 102.2 kb bigger (7.3 kb/copy  14 copies). Indeed, the EJ2 
contained a 100 kb bigger chromosome V (Fig. 2.7B). The size of Chromosome III of the EJ2 
strain was also 218.7 kb (8.1 kb/copy  27 copies) bigger than the parental stain as the EJ2 strain 
contained 27 copies of the gh1-1 cassette which is 8.1 kb (Fig. 2.7B). The sizes of the 
chromosomes in the EJ1 and EJ2 strains obtained from PFGE were entirely consistent with the 
sizes estimated by the Illumina sequence reads, which showed that massive gene duplication in 
the chromosomes contributed to substantial phenotypic improvements.          
 
2.3.5 Effects of copy number variations of cdt-1 and gh1-1 on fermentation of cellobiose 
In order to cross-validate the enhanced cellobiose fermentation by increased copy 
numbers of cdt-1 and gh1-1 in engineered yeast, we constructed a set of engineered yeast strains 
with varied numbers of the cdt-1 and gh1-1 cassettes. We used a different strain background (S. 
cerevisiae CEN.PK2-1D) not only because the strain has quadruple autotrophic markers, but also 
to examine whether or not the copy number effect is strain independent. A total of five 
engineered strains containing different number of the cdt-1 and gh1-1 expressing plasmids were 
constructed: (1) one plasmid containing the cdt-1 expression cassette and one plasmid containing 
the gh1-1 expression cassette (CEN-C1B1), (2) one plasmid containing the cdt-1 expression 
cassette and two plasmids containing the gh1-1 expression cassette (CEN-C1B2), (3) one 
plasmid containing the cdt-1 expression cassette and three plasmids containing the gh1-1 
expression cassette (CEN-C1B3), (4) one plasmid containing the cdt-1 expression cassette and 
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two plasmids containing the gh1-1 expression cassette (CEN-C2B1), and (5) three plasmids 
containing the cdt-1 expression cassette and one plasmid containing the gh1-1 expression 
cassette (CEN-C3B1) transformed into the CEN.PK2-1D strain.     
Using the above five strains, we examine the effects from varied expression levels of the 
cellodextrin transporter and β-glucosidase on cellobiose fermentation rates. As shown in Fig. 2.8, 
S. cerevisiae CEN.PK2-1D strains harboring higher copy numbers of cdt-1 or gh1-1 exhibited 
higher cellobiose consumption rates and ethanol productivity than ones containing lower copy 
numbers of the genes. When cultured in 80 g/L cellobiose as the sole carbon source, the 
cellobiose consumption rate and ethanol productivity by the CEN-C3B1 strain were 35 % and 
39 % higher, respectively, than those of the CEN-C1B1 strain. However, the differences in the 
fermentation parameters between the CEN-C2B1 and CEN-C3B1 strains were not significant, 
suggesting that the CEN-C2B1 strain was already saturated with cdt-1 copies (Fig. 2.8). We also 
observed that an increase in the gh1-1 copy number improved the cellobiose fermentation. The 
ethanol productivity of the CEN-C1B3 strain (0.402 ± 0.009 g/L∙h) was higher than that of the 
CEN-C1B1 strain (0.304 ± 0.006, P < 0.05), corresponding to a higher (30 %) cellobiose 
consumption rate. These results indicate that the key fermentation parameters, cellobiose 
consumption rate and ethanol productivity, improve by increasing the copy numbers of gh1-1 
and cdt-1, regardless of the strain background.  
 
2.3.6 Stability of the integrative cassettes of cdt-1 and gh1-1 in chromosomes of the EJ2 
strain 
It is evident that the copy number increases of cdt-1 or gh1-1 in engineered yeast through 
chromosomal amplification or episomal plasmids can accelerate cellobiose utilization. One 
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obvious potential advantage of chromosomal amplification over episomal plasmids is long-term 
stability under the non-selective culture conditions mostly used for industrial fermentations. 
Therefore, we tested the long-term stability of the amplified cassettes of cdt-1 and gh1-1 without 
the selective pressure, i.e. without using cellobiose as a carbon source. We performed ten serial 
transfers of the EJ2 strain in 20 g/L glucose. The cells from the tenth transfer (EJ2-10) were 
evaluated in medium containing cellobiose as the sole carbon source. Interestingly, EJ2-10 
exhibited similar cellobiose consumption rate and ethanol productivity to the EJ2 strain (Table 
2.3). The EJ2-10 strain yielded a 6 % lower specific cellobiose consumption rate (0.46 ± 0.01 g 
cellobiose/g cell/h) than EJ2 (0.49 ± 0.00 g cellobiose/g cell/h). Using real-time PCR (qPCR), 
the copy numbers for cdt-1 and gh1-1 (7 and 17) in EJ2-10 were found to be slightly lower than 
in EJ2 (9 and 23), corresponding with the cellobiose consumption rates from the fermentation 
experiments (Fig. 2.9). Here, we show that cellobiose can be used as an efficient selection 
pressure for gene amplification and the amplified cassettes in the genome are stable.    
 
2.4 Discussion 
Production of biofuels and chemicals from mixed sugars in the hydrolyzates of marine 
and terrestrial biomass has been anticipated for decades but both yields and productivities of 
biofuels and chemicals are not feasible for commercialization (Dellomonaco et al., 2010; 
Fortman et al., 2008; Young et al., 2010). Among many bottlenecks, glucose repression on 
utilizing non-glucose sugars is a significant problem for fermenting mixed sugars by engineered 
S. cerevisiae. Direct fermentation of cellobiose by engineered yeast opened the possibility of 
simultaneous utilization of cellobiose and non-glucose sugars (Galazka et al., 2010; Ha et al., 
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2011a), and it is proven that cellobiose fermentation by engineered yeast can be applied for 
fermenting pretreated cellulosic biomass (Jin and Cate, 2012; Lee et al., 2013).  
In order to ferment cellobiose in cellulosic hydrolysates, it is necessary for the engineered 
S. cerevisiae to keep the plasmids for expressing β-glucosidase and cellodextrin transporter. 
Therefore, we introduced cellodextrin transporter and β-glucosidase genes into the genome of S. 
cerevisiae to enable their stable expression under non-selection conditions. In addition, we 
applied an evolutionary engineering strategy to improve the cellobiose fermentation rate of the 
integrant. Changes in copy number seem to play an important role in rapid evolution (Hastings et 
al., 2009). In this study, the evolved strain harbored higher copy numbers of the cellodextrin 
transporter gene (cdt-1) and β-glucosidase gene (gh1-1) in the genome than the parental strain 
did. In addition, the fast cellobiose-consuming strain showed high enzyme activity with gh1-1, 
indicating that the β-glucosidase activity corresponded to the copy number variations. The 
tandem duplication of genes might be initiated by the unequal crossover of the ura3::URA3 
PGK1p-cdt-1-CYC1t or leu2::LEU2 PGK1p-gh1-1-CYC1t construct in the genome. After 
genome integration of cdt-1 and gh1-1 by integrative plasmids, there would be two copies of the 
auxotrophic marker (Fig. 2.7A). These repeated sequences of auxotrophic markers (LEU2 and 
URA3) might accelerate the gene duplication during laboratory evolution.  According to the 
average coverage data from the genome sequencing, the evolved strain EJ2 showed higher copy 
numbers of cdt-1 (14 copies) and gh1-1 (27 copies), and of auxotrophic markers such as URA3 
(23 copies) and LEU2 (32 copies) than the parental strain EJ1, suggesting that duplication of 
integrated cdt-1 and gh1-1 in the genome during laboratory evolution might be the major genetic 
event. In a prior study, xylose utilization by engineered S. cerevisiae harboring xylose isomerase 
(xylA) was also significantly improved by tandem gene duplication of the xylA in the 
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chromosome, resulting in an increase in the expression level of the xylose isomerase during 
evolutionary engineering (Zhou et al., 2012). Taken together, these findings indicate that the 
increase by gene duplication in the copy numbers of the essential genes for sugar utilization (cdt-
1 and gh1-1 or xylA) might be a key factor in improving the fermentation performance.  
The effect of the copy number variations of cdt-1 and gh1-1 on cellobiose fermentation in 
the recombinant S. cerevisiae was also tested using a different host strain. The increase of the 
cdt-1 and gh1-1 plasmid copy numbers in S. cerevisiae CEN.PK2-1D resulted in an 
improvement of the ethanol productivity and cellobiose consumption rate, suggesting that there 
might be optimized levels for cellodextrin transporter and β-glucosidase in efficient cellobiose-
fermenting S. cerevisiae. Interestingly, the copy number of gh1-1 was 2.4-fold higher than that of 
cdt-1 in the fast cellobiose-fermenting strain (EJ2), and the copy-number ratio of cdt-1 and gh1-1 
converged to 1:2.4 as the engineered strains evolved to ferment the cellobiose faster (Fig. 2.5B). 
In another study, directed evolution using the screening of promoter libraries was applied to 
optimize the cellobiose utilizing pathway. Similarly, the efficient cellobiose-utilizing strain 
showed a faster consumption rate at the optimized ratio of the expression levels of cdt-1 and gh1-
1 (1:2.5) (Yuan et al., 2013). Although our approach for improving the cellobiose fermentation 
was different from Yuan et al. (Yuan et al., 2013), we found that the copy numbers of cdt-1 and 
gh1-1 in the engineered S. cerevisiae increased to the optimized ratio. These results indicated 
that not only the absolute increase of the copy numbers of cdt-1 and gh1-1 but also their ratio is 
important for improving cellobiose fermentation.  
  Despite the promising results from the cellobiose fermentation experiments, transient 
cellodextrin accumulation by the transglycosylation of β-glucosidase was observed in the 
medium during the processes. The accumulated cellodextrin might decrease the ethanol 
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productivity, because the cellodextrin transport rate and re-consumption might not be as fast as 
the cellobiose fermentation (Ha et al., 2011a; Kim et al., 2014). The S. cerevisiae D452-2 strain 
expressing cellodextrin transporter and β-glucosidase from episomal plasmids (DCDT-1G) 
accumulated 15.5 g/L of cellodextrin in the fermentation experiments using YP medium with 80 
g/L cellobiose under oxygen-limited conditions, whereas the EJ2 strain, which also originated 
from S. cerevisiae D452-2, showed only a 2.6 g/L cellodextrin accumulation and a higher 
ethanol productivity (0.52 versus 1.02 g/L∙h) at 24 hours under the same conditions (Fig. 2.10). 
Optimization of the cellodextrin transporter and β-glucosidase expression levels in the genome 
by evolutionary engineering may minimize the accumulation of glucose and transglycosylation 
by β-glucosidase.  
By genome integration of the cellobiose-utilizing pathway followed by evolutionary 
engineering, we improved the cellobiose-fermentation performance of the parental strain 
impressively. Based on the data presented in this study, the evolved strain showed a significantly 
improved cellobiose consumption rate and ethanol productivity without directed evolution (Yuan 
et al., 2013) or using an industrial strain as the host strain (Eriksen et al., 2013). In addition, our 
approach could be applied to construct stable systems in S. cerevisiae which express high copy 
numbers. It is difficult to implement induction or antibiotic systems in industrial fermentation 
processes (Neubauer et al., 2003; Olmstead and Wallinga, 2010; Rich et al., 2011; Westfall and 
Gardner, 2011). Here we used cellobiose, a sugar derived from cellulosic biomass, as a strong 
selective pressure to produce massive gene duplication. Since the approach did not utilize 
antibiotics as a selective pressure for gene duplication or need additional genetic manipulations 
to keep the amplified gene copy numbers after the laboratory evolution (Tyo et al., 2009), it 
demonstrates an industrially applicable and efficient metabolic engineering strategy. In addition, 
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we observed that a loss in the copy numbers of cdt-1 and gh1-1 in the genome of the EJ2 strain 
was marginal after serial subcultures on glucose for 240 hours (Fig. 2.9 and Table 2.3). The 
results suggested that the stability of integrated cassettes of cdt-1 and gh1-1 in chromosomes can 
be maintained even in the absence of the selection pressure. 
We envision that the application of the strategy presented here could further improve 
fermentation performance if an industrial strain is used as the platform. Moreover, genome 
integration of cellobiose-assimilation cassettes harboring other target genes for overexpression, 
such as xylose isomerase (xylA) gene, followed by laboratory evolution on cellobiose, could be 
useful for metabolic engineering in industrial production. The construction of an industrial strain 
which can co-ferment cellobiose and xylose using this engineering strategy might improve the 
stability of Simultaneous Saccharification and Co-Fermentation (SSCF).   
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2.5 Figures and tables 
 
 
 
Fig. 2.1 Improvement of cellobiose fermentation capability of engineered S. cerevisiae EJ1 
during adaptive evolution on a high concentration of cellobiose. The subcultures were performed 
under oxygen-limited conditions (100 rpm) in YP medium with 80 g/L of cellobiose. The initial 
cell density of each subculture was adjusted to 0.29 g/L (OD600 = 1), and the cells were 
transferred to fresh medium when they reached the stationary phase. Symbols: biomass (open 
circle), cellobiose (solid square), ethanol (solid diamond), and acetate (solid triangle).   
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Fig. 2.2 Cellobiose fermentation profiles by engineered S. cerevisiae EJ1 strain during serial 
subcultures. The subcultures were performed under oxygen-limited conditions (100 rpm) in YP 
medium with 80 g/L of cellobiose, and the initial cell density of each subculture was adjusted to 
0.29 g/L (OD600 = 1). Symbols: biomass (open circle), cellobiose (solid square), and ethanol 
(solid diamond).   
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Fig. 2.3 Comparison of cell growth of the 9 colonies isolated from the last subculture of 
laboratory evolution. The cultures were performed under aerobic conditions (250 rpm) in YP 
medium with 80 g/L of cellobiose, and the initial cell density of each subculture was adjusted to 
0.029 g/L (OD600 = 0.1). 
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Fig. 2.4 Effects of SVL3 deletion on cellobiose fermentation. EJ1, D452-2 expressing low copies 
of cellodextrin transporter (cdt-1) and β-glucosidase (gh1-1); EJ1 svl3Δ, SVL3 deletion in the EJ1 
strain; EJ1 svl3Δ-1S, EJ1 svl3Δ with overexpression of SVL3 cloned from the EJ1 strain (wild 
type SVL3); EJ1 svl3Δ-2S, EJ1 svl3Δ with overexpression of SVL3 cloned from the EJ2 strain 
(mutant SVL3). Fermentations were performed in YP medium containing 80 g/L cellobiose under 
oxygen-limited conditions. The initial cell density was adjusted to 0.029 g/L (OD600 = 1).        
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Fig. 2.5 Changes in copy numbers of cellodextrin transporter gene (cdt-1) and β-glucosidase 
gene (gh1-1) during serial subcultures of engineered S. cerevisiae. (A) Copy numbers of cdt-1 
and gh1-1 estimated by genome sequencing data. (B) Copy numbers of cdt-1 and gh1-1 
measured by qPCR. 
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Fig. 2.6 β-glucosidase activity of engineered S. cerevisiae EJ1 and evolved strain EJ2. Cells 
grown to mid-log phase in YP medium containing cellobiose (20 g/L) were harvested for the 
enzymatic assay.   
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Fig. 2.7 Duplication of integrative cassettes for cdt-1 and gh1-1 in chromosomes. (A) Locations 
of expression cassettes in chromosomes of EJ1 and EJ2. (B) Pulsed-field gel electropherogram of 
chromosomes from parental (D452-2) and engineered strains (EJ1 and EJ2). The chromosome 
numbers and sizes are labeled on the left side and right side of the figure. M, yeast chromosome 
markers; Solid arrow, chromosome III; open arrow, chromosome V.    
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Fig. 2.8 Effect of copy number variations of cdt-1 and gh1-1 in episomal plasmids on cellobiose 
fermentation capability of engineered S. cerevisiae CEN.PK2-1D. The effects of increasing 
episomal plasmids with cdt-1 (CEN-C2B1 and CEN-C3B1; circle and solid arrow) and gh1-1 
(CEN-C1B2 and CEN-C1B3; square and dotted arrow) in YP medium containing 80 g/L of 
cellobiose were compared to engineered S. cerevisiae CEN-C1B1 (diamond). The initial cell 
density was adjusted to 0.029 g/L, and all fermentations were performed under oxygen-limited 
conditions.  
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Fig. 2.9 Changes in copy numbers of cellodextrin transporter gene (cdt-1) and β-glucosidase 
gene (gh1-1) during serial subcultures of EJ2 on glucose. The subcultures were performed under 
oxygen-limited conditions (100 rpm) in YP medium with 20 g/L of glucose. The initial cell 
density of each subculture was adjusted to 0.29 g/L (OD600 = 1), and the cells were transferred to 
fresh medium when the cells reached the stationary phase. EJ2-10, cells from the tenth transfer. 
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Fig. 2.10 Fermentation profile comparisons between engineered S. cerevisiae DCDT-1 (solid 
symbols) and EJ2 (open symbols). (A) Cell biomass (circle). (B) Cellobiose (square) and ethanol 
(diamond). (C) Cellodextrin (triangle down). Fermentations were performed in YP medium 
containing 80 g/L cellobiose under oxygen-limited conditions. The initial cell density was 
adjusted to 0.29 g/L (OD600 = 1).       
A B C 
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Table 2.1 Strains and plasmids used in this study 
Strain or plasmid Description Reference or source 
    Strains   
    S. cerevisiae D452-2   MATα, leu2, his3, ura3, and can1 (Hosaka et al., 1992) 
S. cerevisiae CEN.PK2-1D   MATα, ura3-52, trp1-289, leu2-3/112, his3Δ1, MAL2-8C, SUC2 (Entian and Kötter, 1998) 
S. cerevisiae EJ1   D452-2 leu2::LEU2 pRS405-gh1-1 ura3::URA3 pRS406-cdt-1  This study 
S. cerevisiae EJ2   Evolved strain of EJ1 This study 
S. cerevisiae CEN-C1B1   CEN.PK2-1D/pRS424-gh1-1/pRS426-cdt-1 This study 
S. cerevisiae CEN-C1B2   CEN.PK2-1D/pRS424-gh1-1/pRS425-gh1-1/pRS426-cdt-1 This study 
S. cerevisiae CEN-C1B3   CEN.PK2-1D/pRS423-gh1-1/pRS424-gh1-1/pRS425-gh1-1/pRS426-cdt-1 This study 
S. cerevisiae CEN-C2B1   CEN.PK2-1D/pRS425-gh1-1/pRS424-cdt-1/pRS426-cdt-1 This study 
S. cerevisiae CEN-C3B1   CEN.PK2-1D/pRS425-gh1-1/pRS423-cdt-1/pRS424-cdt-1/pRS426-cdt-1 This study 
S. cerevisiae EJ1 svl3Δ   EJ1 svl3::KanMX4 This study 
    S. cerevisiae EJ1 svl3Δ-1S   EJ1 svl3Δ/pRS423-EJ1 SVL3 This study 
    S. cerevisiae EJ1 svl3Δ-2S   EJ1 svl3Δ/pRS423-EJ2 SVL3 This study 
    S. cerevisiae DCDT-1G   D452-2/pRS425-gh1-1/pRS426-cdt-1 (Kim et al., 2014) 
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Table 2.1 (cont.) 
 
Strain or plasmid Description Reference or source 
    Plasmids   
    pRS405   Integration plasmid, LEU2 (Sikorski and Hieter, 1989) 
    pRS406   Integration plasmid, URA3 (Sikorski and Hieter, 1989) 
    pRS423   2 µm origin, HIS3 (Christianson et al., 1992) 
    pRS424   2 µm origin, TRP1 (Christianson et al., 1992) 
    pRS425   2 µm origin, LEU2 (Christianson et al., 1992) 
    pRS426   2 µm origin, URA3 (Christianson et al., 1992) 
    pRS405-gh1-1   pRS405 PGK1p-gh1-1-CYC1t This study 
    pRS423-gh1-1   pRS423 PGK1p-gh1-1-CYC1t This study 
    pRS424-gh1-1   pRS424 PGK1p-gh1-1-CYC1t This study 
    pRS425-gh1-1   pRS425 PGK1p-gh1-1-CYC1t (Galazka et al., 2010) 
    pRS406-cdt-1   pRS406 PGK1p-cdt-1-CYC1t This study 
    pRS423-cdt-1   pRS423 PGK1p-cdt-1-CYC1t This study 
    pRS424-cdt-1   pRS424 PGK1p-cdt-1-CYC1t This study 
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Table 2.1 (cont.) 
 
Strain or plasmid Description Reference or source 
    Plasmids   
pRS426-cdt-1   pRS426 PGK1p-cdt-1-CYC1t (Galazka et al., 2010) 
pRS423-EJ1 SVL3   pRS423 TDH3p-SVL3 from EJ1-CYC1t This study 
pRS423-EJ2 SVL3   pRS423 TDH3p-SVL3 from EJ2-CYC1t This study 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
47 
 
Table 2.2 Primers used in this study 
 
Name Sequences* 
T3/T7 insert-F   ACGCCAAGCGCGCAATTAACC 
T3/T7 insert-R   CGGCCAGTGAGCGCGCGTAAT 
T3/T7 vector-F   GAGCTCCAGCTTTTGTTCCCT 
T3/T7 vector-R   GGTACCCAATTCGCCCTATAG 
SVL3 deletion-F   AACATGAAAATTTTTTATTTTTTTTCATTCGTTTATACC 
SVL3 deletion-R   GATTTCTTTCTTTCTACGCTGGGATA 
SVL3 cloning-F   GCCGGATCCAAAA ATGTCGTCTTCCTCACTTCGAGT 
SVL3 cloning-R   GCCCTCGAG TTATTTCTTTGATTTATTTTTTTTTTTGAATAGGCCAA 
CDT1 qPCR-F   TCCAATATCAAGCCCTGGAG 
CDT1 qPCR-R   GGACCAGTGTCACCAGTGTG 
GH1-1 qPCR-F   CAAGCACTGGATCACCTTCA 
GH1-1 qPCR-R   TGAGCGATGAGCAGGTTATG 
*Restriction sites are underlined. 
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Table 2.3 Changes in cellobiose fermentation parameters1 after serial subcultures2 
 
 EJ1 EJ2 EJ2-10 
rcellobiose 0.18 ± 0.00 2.73 ± 0.01 2.62 ± 0.10 
rcellobiose* 0.09 ± 0.00 0.49 ± 0.00 0.46 ± 0.01 
Yethanol - 0.40 ± 0.00 0.40 ± 0.00 
Pethanol - 1.09 ± 0.00 1.04 ± 0.03 
Pethanol* - 0.19 ± 0.00 0.18 ± 0.00 
 
1Fermentation experiments were performed under oxygen-limited conditions (100 rpm) in YP 
medium with 80 g/L of cellobiose and an initial cell density was adjusted to 0.29 g/L (OD600 = 
1). The parameters were measured at 29 hours.  
2Serial subcultures were performed under oxygen-limited conditions (100 rpm) in YP medium 
with 80 g/L of cellobiose or 20 g/L of glucose, and initial cell density of each subculture was 
adjusted to 0.29 g/L (OD600 = 1). 
Parameters: rcellobiose, cellobiose consumption rate (g/L∙h); rcellobiose*, specific cellobiose 
consumption rate (g/g cell/h); Yethanol, ethanol yield (g/g cellobiose); Pethanol, volumetric ethanol 
productivity (g/L∙h); Pethanol, specific ethanol productivity (g/g cell/h)   
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CHAPTER III     ENHANCED XYLITOL PRODUCTION THROUGH 
SIMULTANEOUS CO-UTILIZATION OF CELLOBIOSE AND XYLOSE BY 
ENGINEERED SACCHAROMYCES CEREVISIAE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The content of this chapter was published. I was the first author of the paper and Suk-Jin Ha, Soo 
Rin Kim, Won-Heong Lee, Jonathan M. Galazka, Jamie H.D. Cate, and Yong-Su Jin were co-
authors. 2013. Enhanced xylitol production through simultaneous co-utilization of cellobiose and 
xylose by engineered Saccharomyces cerevisiae. Metabolic Engineering 15 p.226-234. I 
performed the research with help from the co-authors and Dr. Yong-Su Jin was the director of 
the research. 
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3.1 Introduction 
Xylitol is a five-carbon sugar alcohol which is similar in sweetness to sucrose (Hyvonen 
et al., 1982). Xylitol is widely used as a sugar substitute in various food products, such as 
chewing gum and candy, because it inhibits dental caries and is also low in calories (Granstrom 
et al., 2007a; Makinen, 1992). In addition, xylitol is one of the high-value bio-based chemicals 
that can be produced from cellulosic sugars. Xylitol can be used as a building block for various 
chemical compounds such as xylaric acid or glycols (Werpy, 2004). Xylitol is currently 
produced by a chemical hydrogenation process (Wisniak et al., 1974). However, xylitol yields 
from the chemical conversion process are lower than those from biological processes because 
chemical reduction produces byproducts (Melaja and Hamalainen, 1977). Therefore, microbial 
conversion of xylose to xylitol is being studied to replace the chemical process using 
metabolically engineered yeast strains and bacteria (Nigam and Singh, 1995).  
 The natural xylose-fermenting yeast, Candida sp. can convert xylose into xylitol, 
however there are potential drawbacks for using this yeast for xylitol production. Candida sp. 
can use xylose as a carbon source for cell growth and metabolism. This xylose-assimilating 
capability often results in lower xylitol yields (Chung et al., 2002). Some Candida sp. exhibit a 
human pathogenic nature under opportunistic situations so microbial production of xylitol by 
Candida sp. might not be desirable for large-scale fermentations (Granstrom et al., 2007b). In 
this context, xylitol production by Saccharomyces cerevisiae may be advantageous because S. 
cerevisiae is generally recognized as safe (GRAS). Although S. cerevisiae cannot ferment 
xylose, it can be engineered to produce xylitol as genetic manipulations of this yeast are easier 
than any other eukaryotes (Romanos et al., 1992).  
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Although engineered S. cerevisiae expressing XYL1 from Scheffersomyces stipitis can 
produce xylitol with a theoretical yield of 1.00 g/g because the engineered strain cannot 
assimilate xylose as a carbon source, supply of co-substrates enabling cell growth and 
metabolism is required for xylitol production in the engineered S. cerevisiae (Hallborn et al., 
1991). When glucose is used as a co-substrate, efficient xylitol production is hindered as glucose 
inhibits xylose transport severely (Hallborn et al., 1994; Meinander and Hahn-Hagerdal, 1997). It 
was reported that transportation of xylose in S. cerevisiae is highly inhibited by glucose as xylose 
transport in this yeast is mediated by hexose transporters. Therefore, xylose can be converted 
into xylitol only after glucose is depleted when a mixture of glucose and xylose is used (Lee et 
al., 2000; Trumbly, 1992). In order to alleviate glucose repression on xylose transport, glucose-
limited fed-batch fermentations can be performed where glucose concentrations are maintained 
at lower levels for allowing transportation of xylose into cells (Lee et al., 2000). However, 
controlling glucose concentrations at desired levels in a large-scale fermentation is not only 
difficult, but also might result in insufficient supply of NAD(P)H that is used by xylose reductase 
(XR) as a cofactor. Although other carbon sources such as ethanol or glycerol can be used as a 
co-substrate without inhibiting xylose transport (Van Vleet et al., 2008), cofactor regeneration 
capacities of ethanol or glycerol under oxygen-limited conditions are not as good as glucose. 
Because of these two major problems (glucose repression and insufficient cofactor regeneration), 
engineered S. cerevisiae expressing XR suffers from lower volumetric productivities, whereas it 
showed much higher xylitol yields than Candida sp.  
 In order to bypass these problems, we demonstrate a co-utilization strategy whereby 
transportation of xylose is not inhibited while NAD(P)H is efficiently generated through 
simultaneous co-fermentation of cellobiose (a dimer of glucose) and xylose which are prevalent 
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in cellulosic hydrolyzates. As native S. cerevisiae cannot utilize cellobiose, we introduced a 
cellodextrin transporter (cdt-1) and intracellular β-glucosidase (gh1-1) from the cellulolytic 
fungi, Neurospora crassa (Galazka et al., 2010; Ha et al., 2011a), into the engineered S. 
cerevisiae which has integrated XYL1 from S. stipitis. The resulting engineered S. cerevisiae (D-
10-BT) not only produced xylitol constitutively without glucose repression, but also showed 
higher xylitol production rates when cellobiose and xylose are co-consumed as compared to 
when glucose and xylose are sequentially utilized. We also observed that overexpression of 
cytosolic NADP+- dependent dehydrogenases, which are the major sources of NADPH in S. 
cerevisiae (Minard and McAlister-Henn, 2005), resulted in further improvement of xylitol 
productivity in the D-10-BT strain during co-utilization of cellobiose and xylose.  
 
3.2 Materials and methods 
 
3.2.1 Strain and plasmid construction 
 Strains and plasmids used in this study are described in Table 3.1. S. cerevisiae D452-2 
(MATalpha, leu2, his3, ura3, and can1) was used for engineering of cellobiose metabolism as 
well as XYL1 integration. Escherichia coli DH5 (F– recA1 endA1 hsdR17 [rK– mK+] supE44 
thi-1 gyrA relA1) (Invitrogen, Gaithersburg, MD) was used for gene cloning and manipulation. 
pYS10 (Jin and Jeffries, 2003), containing S. stipitis XYL1 under the control of S. cerevisiae 
TDH3 promoter, was linearized by HpaI and genome-integrated into D452-2 to yield the D-10 
strain. For expression of β-glucosidase (gh1-1) and cellodextrin transporter (cdt-1) from N. 
crassa (Galazka et al., 2010; Ha et al., 2011a), two open reading frames (cdt-1 and gh1-1) were 
placed between the PGK1 promoter and CYC1 terminator. Each expression cassette of β-
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glucosidase and cellodextrin transporter was amplified by PCR with primers T7-SwaI 
(GGCATTTAAATTAATACGACTCACTATAGGG) and T3-SwaI 
(GGCATTTAAATAATTAACCCTCACTAAAGGG) which have SwaI blunt enzyme site 
(underlined). After SwaI treatment, two cassettes were cloned into EcoRV treated pRS425 vector 
to generate pRS425-BT. To overexpress NADP+-dependent dehydrogenases, the ALD6 (S. 
cerevisiae aldehyde dehydrogenase), IDP2 (S. cerevisiae isocitrate dehydrogenase), and SsZWF1 
(S. stipitis glucose-6-phosphate dehydrogenase) genes were cloned separately into the 
pRS42KTEF plasmid containing the KanMX marker, TEF1 promoter, and CYC1 terminator. The 
resulting plasmids (pRS42KTEF-ALD6, pRS42KTEF-IDP2, and pRS42KTEF-SsZWF1) were 
individually transformed into the S. cerevisiae D-10-BT strain, and the transformants (D-10-BT-
C, D-10-BT-ALD6, D-10-BT-IDP2, and D-10-BT-SsZWF1, respectively) were selected on a YP 
agar plate (10 g/L yeast extract, 20 g/L Bacto peptone, and 20 g/L agar) containing 20 g/L of 
cellobiose and 200 µg/mL of G418.  
 
3.2.2 Media and culture conditions 
E. coli was grown in Luria-Bertani medium; 50 µg/mL of ampicillin was added to the 
medium when required. Yeast strains were routinely cultivated at 30°C in YP medium with 20 
g/L of glucose. To select for transformants using an amino acid auxotrophic marker, yeast 
synthetic complete (SC) medium was used, which contained 6.7 g/L of yeast nitrogen base plus 
20 g/L of glucose, 20 g/L of agar, and CSM-Leu-Trp-Ura (MP Biomedicals, Santa Ana, CA) for 
supply of appropriate nucleotides and amino acids.  
 
3.2.3 Fermentation experiments 
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Yeast cells were grown in YP medium containing 20 g/L of cellobiose or glucose to 
prepare inoculums for xylitol production. Cells were harvested at mid-exponential phase and 
inoculated after washing twice with sterilized water. All of the flask fermentation experiments 
were performed using 50 mL of YP medium containing sugars in 250 mL flask at 30°C with 
initial optical density (OD) at 600 nm of ~ 1.0 and under oxygen-limited conditions. Fed-batch 
fermentation was performed using Sixfors Bioreactors (Appropriate Technical Resources, Inc) 
with 400 mL working volume at 30°C and pH 6.0. Agitation speed and aeration rate were 500 
rpm and 2 vvm, respectively. 
 
3.2.4 Yeast transformation 
Transformation of expression cassettes for constructing xylose and cellobiose metabolic 
pathways was performed using the yeast EZ-Transformation kit (MP Biomedicals, Santa Ana, 
CA). The transformant of SsXYL1 was selected on SC agar medium containing 20 g/L of 
glucose. The transformant of pRS425-BT was selected on SC agar medium containing 20 g/L of 
cellobiose as the sole carbon source instead of auxotrophic marker selection. Amino acids and 
nucleotides were added as necessary.  
 
3.2.5 Preparation of crude extract and XR activity assay 
Yeast cells grown to mid-log phase at 30 ˚C in YP medium with 20 g/L of glucose were 
harvested by centrifugation at 3000  g for 5 min. The cell pellet was washed and suspended in 
Y-PER solution. After incubation at room temperature for 20 min, the cell suspension was 
centrifuged at 13000 rpm for 10 min to completely remove cell debris. Xylose reductase (EC 
1.1.1.21) activity of the crude cell extract was measured in a reaction mixture with the following 
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composition: 50 mM sodium phosphate buffer, pH 6.5, 1 M xylose, 2 mM NADPH (Verduyn et 
al., 1985). Oxidation of NADPH in the reaction was monitored by a spectrophotometer (Biomate 
5, Thermo, NY) at 340 nm. One unit of enzyme activity is defined as the amount of enzyme that 
catalyzes 1 mol of substrate per min at 30 ˚C. Protein concentration was determined by the 
BCA method (Pierce, Rockford, IL). 
 
3.2.6 Determination of intracellular cofactor concentrations 
The NADP+ and NADPH concentrations were determined using the NADP+/NADPH 
assay kit which is based on a glucose dehydrogenase cycling reaction (Bioassay Systems, 
Hayward, CA). Exponentially growing cells in YP medium with glucose or cellobiose were 
harvested, washed with double-distilled water, and used to measure NADP+/NADPH 
concentration according to the manufacturer’s protocol.  
 
3.2.7 Analytical methods 
Cell growth was monitored by OD at 600 nm using a UV-visible Spectrophotometer 
(Biomate 5, Thermo, NY). Glucose, xylose, xylitol, glycerol, acetate and ethanol concentrations 
were determined by high performance liquid chromatography (HPLC, Agilent Technologies 
1200 Series) equipped with a refractive index detector using a Rezex ROA-Organic Acid H+ 
(8%) column (Phenomenex Inc., Torrance, CA). The column was eluted with 0.005 N of H2SO4 
at a flow rate of 0.6 mL/min at 50˚C. 
 
3.3 Results 
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3.3.1 Construction of an engineered S. cerevisiae capable of producing xylitol through 
simultaneous co-utilization of xylose and cellobiose 
 As wild-type S. cerevisiae cannot produce xylitol from xylose, an overexpression cassette 
(pYS10) containing SsXYL1 was integrated under the control of TDH3 promoter and terminator 
into the genome of S. cerevisiae D452-2. The integration of SsXYL1 into the resulting 
transformant (D-10) was confirmed by measuring XR activity (0.95U/mg of protein). Also, an 
overexpression cassette (pRS425-BT) expressing both cdt-1 and gh1-1 from N. crassa was 
constructed under control of PGK1 promoter and CYC1 terminator, respectively. While the D-10 
strain is not a leucine auxotroph, the transformants of pRS425-BT can be selected on a SC agar 
plate containing cellobiose as the sole carbon source. After transforming the pRS425-BT into 
D452-2, we observed that the transformant (D-BT) could consume cellobiose very well (Fig. 
3.1A). In order to produce xylitol through simultaneous co-utilization of cellobiose and xylose, 
the pRS425-BT was introduced into S. cerevisiae D-10 and the resulting transformant (D-10-BT) 
was selected on SC-cellobiose agar plate. The D-10-BT strain was not able to assimilate xylose 
as the carbon source because xylitol dehydrogenase (XDH) for converting xylitol into xylulose 
was not introduced (Fig. 3.1B). Therefore, the D-10-BT strain can be used to produce xylitol 
without assimilation of xylose using cellobiose as a co-substrate. 
 
3.3.2 Comparison of xylitol production from sequential utilization of glucose and xylose 
with simultaneous co-utilization of cellobiose and xylose 
In order to compare xylitol production by the sequential utilization of glucose and xylose 
with simultaneous co-utilization of cellobiose and xylose, batch fermentations were performed 
using YP medium containing 20 g/L of xylose and 20 g/L of glucose or cellobiose as a co-
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substrate (Fig. 3.2). The D-10 strain expressing SsXYL1 and the D-10-BT expressing SsXYL1 and 
both cdt-1 and gh1-1 were used. As expected, the D-10 strain first consumed glucose and then 
converted xylose to xylitol due to glucose inhibition on xylose uptake. The D-10 strain produced 
13 g/L of xylitol by utilizing 3 g/L of produced ethanol for cofactor regeneration in 48 h. Xylitol 
yield and productivity by D-10 were 0.98 g xylitol/g xylose and 0.28 g/L·h (Fig. 3.2A), 
respectively. In contrast, the D-10-BT strain was able to co-utilize cellobiose and xylose 
simultaneously as cellobiose does not inhibit xylose uptake. After consuming all the sugars 
added initially (20 g/L of cellobiose and 20 g/L of xylose), the D-10-BT strain produced 19 g/L 
of xylitol with higher cell mass than the D-10 strain using glucose as a co-substrate within 48 h 
(Fig. 3.2B). Although the xylitol yield by D-10-BT was similar to that of D-10, the D-10-BT 
strain showed a higher xylitol productivity (0.40 versus 0.28 g/L·h) than the D-10 strain. These 
results indicate that the introduced genes (SsXYL1, cdt-1, and gh1-1) are functionally expressed 
in S. cerevisiae and the phenotypes of engineered strains are consistent with their genotypes. As 
numerous previous studies reported, we also observed strong glucose inhibition on xylitol 
production when cells are grown on glucose and xylose. In fact, ethanol produced from glucose 
fermentation was used as a co-substrate for xylitol production even though glucose was added as 
co-substrate (Fig. 3.2A). On the contrary, there was no inhibition by cellobiose on xylitol 
production when a mixture of cellobiose and xylose was used (Fig. 3.2B).  
 
3.3.3 Improved xylitol production through co-utilization of cellobiose and xylose 
In order to improve final xylitol concentration and productivity by the D-10-BT, we 
increased initial cellobiose and xylose concentrations. When 34 g/L of cellobiose and 30 g/L of 
xylose were added initially, dry cell mass increased up to 4.4 g/L and 30 g/L of xylitol was 
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produced within 62 h by simultaneous co-utilization of cellobiose and xylose (Fig. 3.3A). The 
xylitol productivity and yield under the fermentation conditions were 0.49 g xylitol/L·h and 1.00 
g xylitol/g xylose, respectively. When initial concentrations of cellobiose and xylose were 
increased to 44 g/L and 40 g/L, respectively, 39 g/L of xylitol was produced within 72 h, 
resulting in a higher xylitol productivity (0.55 g xylitol/L·h) with the same yield (1.00 g xylitol/g 
xylose) (Fig. 3.3B). By increasing initial xylose concentrations from 20 g/L to 40 g/L as well as 
cellobiose concentrations, xylitol productivities were highly (33%) increased from 0.40 to 0.55 
g/L·h. As shown in Fig. 3.3, more acetate accumulation was observed when higher sugar 
concentrations were used. The accumulated acetate might have inhibited the cell growth as 
proposed previously (Nair and Zhao, 2010). With higher initial sugar concentrations (44 g/L and 
40 g/L of cellobiose and xylose, respectively), cell growth was less than under lower sugar 
concentrations because cellobiose consumption was stopped at the middle of the fermentation as 
pH of the culture decreased to 4.5. However, all of the initially added xylose (39 g /L of xylose) 
was efficiently converted to 39 g/L of xylitol despite utilization of only 25 g/L of cellobiose. 
These results suggest that maintenance of culture pH (above pH 5.0) would be necessary for 
efficient cellobiose fermentation and smaller amounts of cellobiose than that of xylose are 
necessary to support cofactor regeneration for enhanced XR activity.  
 
3.3.4 Enhanced xylitol production via co-utilization of cellobiose and xylose using a 
bioreactor under pH control and higher aeration 
In order to optimize xylitol production through the co-utilization of cellobiose and 
xylose, bioreactor fermentation experiments with pH control were performed using various 
cellobiose and xylose ratios at pH 6.0. At first, a ratio of 1:3 (22 g/L of cellobiose and 63 g/L of 
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xylose) was used for xylitol production by D-10-BT (Fig. 3.4A). The initial OD at 600 nm was 
approximately 1.0. The cells consumed 22 g/L of cellobiose and produced 42 g/L of xylitol 
within 34 h, resulting in a high xylitol productivity (1.26 g/L·h) with a theoretical yield of 1.00 
g/g. Although xylitol productivity increased significantly as compared to the previous flask 
fermentation experiments, all of the added xylose was not converted into xylitol. This result 
suggests that 22 g/L of cellobiose is not enough to support complete conversion of the added 
xylose (63 g/L). As the ratio of 1:3 between cellobiose and xylose was too low to support 
complete xylitol production, we decided to use a mixture of cellobiose and xylose with a ratio of 
1:2. Also, xylose concentration was increased up to 102 g/L. Therefore, 46 g/L of cellobiose and 
102 g/L of xylose were initially added into a bioreactor with the D-10-BT strain. During the 
fermentation, depletion of cellobiose at 24 h was observed, though not all xylose was converted 
into xylitol. We added 16 g/L of cellobiose at 28 h for complete conversion of xylose into xylitol 
(Fig. 3.4B). The cell mass increased up to 8.6 g/L and 97 g/L of consumed xylose was converted 
to 93 g/L of xylitol after consumption of 62 g/L of cellobiose. As a result, we were able to 
achieve a high xylitol productivity (1.50 g/L·h) even though lower initial inoculums were used 
without sophisticated feeding strategies such as a glucose-limited fed-batch. An additional 
fermentation experiment was performed to produce xylitol via sequential utilization of glucose 
and xylose under the same conditions. Initial sugar concentrations of 45g/L glucose and 100g/L 
of xylose were added with the D-10 strain into a bioreactor. When glucose was depleted, 18 g/L 
of glucose was added (Fig. 3.4C). The final cell mass was 5.6 g/L, but only 57 g/L of xylitol was 
produced from 63 g/L of consumed xylose after consuming 62 g/L of glucose in 62 h. The 
fermentation by sequential utilization of glucose and xylose resulted in a lower xylitol 
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productivity of 0.92 g/L·h as compared to the productivity (1.50 g/L·h) by co-utilization of 
cellobiose and xylose. 
 
3.3.5 Effects of overexpression of NADPH regeneration enzymes on xylitol production 
Although the xylose uptake of the co-fermenting strain (D-10-BT) was not limited, the 
intracellular conversion of xylose to xylitol by XR might have been restricted by cytosolic 
NAD(P)H concentrations. In order to examine if the cofactor availability limits the rate of xylitol 
production of the co-fermenting strain (D-10-BT), we overexpressed NADP+-dependent 
dehydrogenases in the D-10-BT strain, and monitored the changes in the intracellular NADPH 
concentrations and xylitol production profiles. The ALD6, IDP2, and SsZWF1 genes, coding for 
the major NADP+-dependent dehydrogenases in S. cerevisiae or S. stipitis (Minard and 
McAlister-Henn, 2005; Miyagi et al., 2009), were selected as the overexpression targets.  
When fermenting 30 g/L of glucose or 30 g/L of cellobiose as the sole carbon source, the 
D-10-BT strains overexpressing ALD6, IDP2, and SsZWF1 (the D-10-BT-ALD6, D-10-BT-
IDP2, and D-10-BT-SsZWF1 strains, respectively) showed approximately 10% higher 
intracellular NADPH concentrations than the control strain (D-10-BT-C) (Table 3.2). While the 
overexpression of ALD6, IDP2, and SsZWF1 increased the intracellular NADPH availability 
regardless of sugar conditions, the xylitol production profiles did not change when glucose was 
used as a co-substrate (Fig. 3.5A). On the other hand, the overexpression of the NADP+-
dependent dehydrogenase genes altered the xylitol production profiles when a mixture of 
cellobiose and xylose (30 g/L of cellobiose and 30 g/L of xylose) was used (Fig. 3.5B).  
When cellobiose was used as a co-substrate, the overexpression of ALD6, IDP2, and 
SsZWF1 in the D-10-BT strain resulted in a 37-63% improvement in xylitol productivity (Table 
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3.3). The best results (0.62 g xylitol/L·h) from the co-fermentation of cellobiose and xylose were 
achieved by overexpressing the IDP2 gene, which also increased the final biomass by 200%. 
These results suggest that the intracellular NADPH concentration might limit the xylitol 
production during the co-fermentation of cellobiose whereas inefficient xylose uptake during the 
sequential utilization of glucose and xylose might limit xylitol production more dominantly than 
the NADPH availability.  
 
3.4 Discussion 
There are at least two major limitations in xylitol production from xylose: intracellular 
xylose concentration and availability of NADPH. When engineered S. cerevisiae strains were 
used for xylitol production, glucose was usually used as a co-substrate to support cofactor 
regeneration for maintaining XR activity. Glucose repression on xylose transport is a critical 
limitation which affects intracellular xylose concentration if glucose is used as a co-substrate 
(Peng et al., 2012). Although overexpression of transporter genes in S. cerevisiae improved 
growth rates on xylose, transporter proteins showed a stronger preference for glucose over xylose 
in a mixture of glucose and xylose (Parachin et al., 2011; Young et al., 2011). As xylose uptake 
by engineered S. cerevisiae is severely inhibited by glucose, a glucose-limited fed-batch 
fermentation was attempted (Lee et al., 2000). However, the glucose-limited fed-batch 
fermentation was rather complicated and difficult to perform even at a laboratory-scale because 
of the dynamic nature of cell growth and sugar consumption. While the glucose-limited fed-
batch fermentation has resulted in high xylitol yields and xylitol productivities (Chung et al., 
2002; Kwon et al., 2006), it might not be preferable for a large-scale commercial fermentation. 
In this study, we bypassed this problem using cellobiose as a co-substrate. We compared xylitol 
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production by simple batch fermentations using mixtures of glucose and xylose or mixtures of 
cellobiose and xylose. Glucose or cellobiose was used as a co-substrate for supporting NAD(P)H 
regeneration as well as cell growth. Sequential utilization of glucose and xylose led to inhibition 
of xylose uptake by glucose before glucose depletion. However, in case of using mixtures of 
cellobiose and xylose, simultaneous co-utilization of cellobiose and xylose was observed because 
cellobiose does not inhibit xylose uptake. The simultaneous co-utilization of cellobiose and 
xylose resulted in 44% higher xylitol productivity than the serial utilization of glucose and 
xylose. This higher productivity might have been obtained because of two major advantages of 
the simultaneous co-utilization strategy. First, the simultaneous co-utilization of cellobiose and 
xylose can provide a more sufficient cofactor (NAD(P)H) regeneration for XR activity as 
compared to ethanol, which is used during the sequential utilization of glucose and xylose. It is 
plausible that glucose metabolism is more efficient for producing NADPH than ethanol 
metabolism because the major source of NAD(P)H in yeast comes from glucose-6-phosphate 
dehydrogenase reactions (Bruinenberg et al., 1983). Second, enhanced cell growth by the 
simultaneous co-utilization can increase volumetric xylitol productivity. 
As there is no specific xylose transporter in S. cerevisiae, xylose needs to be transported 
by hexose transporters exhibiting very high Km for xylose (over 100 mM)(Saloheimo et al., 
2007). Therefore, higher xylose concentrations are more effective for improved xylitol 
production. When initial xylose and cellobiose concentrations were increased from 20 g/L to 30 
or 40 g/L, final xylitol concentrations also increased from 19 g/L to 30 or 39 g/L, resulting in 
improved productivities from 0.40 g/L·h to 0.49 or 0.55 g/L·h. As lower pH limits utilization of 
cellobiose during high sugar fermentations, we performed fermentation experiments using a 
bioreactor capable of controlling pH at 6.0 and providing higher aeration. We investigated the 
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effect from different ratios of cellobiose and xylose concentrations on xylitol production. When a 
1:3 ratio of cellobiose to xylose was used, we found that xylose consumption rates drastically 
decreased from 1.57-1.92 to 0.83 g/L·h at the end of fermentation while cell mass continued to 
increase because of ethanol assimilation. This result indicates that cofactor regeneration at the 
end of fermentation might not be sufficient for efficient xylitol production as ethanol was being 
used as a co-substrate after cellobiose depletion. As such, we decided to use 1:2 ratio of 
cellobiose to xylose for the next fermentation experiment. After using higher xylose 
concentrations with more cellobiose as a co-substrate, a much higher titer (93 g/L of xylitol) was 
obtained with a high productivity (1.50 g/L·h). Xylose consumption rates were maintained at 
higher levels (1.27-2.22 g/L·h) throughout the fermentation. Moreover, the maximum xylose 
consumption rate (3.11 g/L·h) was observed just after the addition of 16 g/L of cellobiose in the 
middle of fermentation. Compared to xylitol production via sequential utilization of glucose and 
xylose, simultaneous co-utilization of cellobiose and xylose exhibited much higher xylitol 
productivity than previous studies using mixtures of glucose and xylose at high concentrations 
(Chung et al., 2002; Kwon et al., 2006).  
In addition to glucose-limited fed-batch fermentation, numerous metabolic engineering 
approaches for improving xylitol productivity have been reported. The integration of SsXYL1 
with multiple copies resulted in 1.7 fold improvement in xylitol productivity (1.1 g/L·h) as 
compared to an episomal vector system (Chung et al., 2002). The overexpression of ZWF1 
coding for glucose 6-phosphate dehydrogenase, which could support the NADPH regeneration, 
resulted in a very high xylitol productivity (2.0 g/L·h) when glucose-limited fed-batch 
fermentation was performed (Kwon et al., 2006). With the overexpression of ZWF1, the down-
regulated expression of PGI1 coding for phosphoglucose isomerase, which catalyzes reversible 
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isomerization of glucose 6-phosphate and fructose 6-phosphate, improved the specific xylitol 
productivity from 0.28 to 0.34 g/g cells·h (Oh et al., 2007). The overexpression of ACS1, coding 
for acetyl-CoA synthetase or ALD6, coding for acetaldehyde dehydrogenase improved xylitol 
productivity 25% or 13%, respectively through energetic benefits or efficient cofactor 
regeneration (Oh et al., 2012).  
The overexpression of ZWF1 or ALD6 (or another NADP+-dependent dehydrogenase, 
IDP2) did not alter the xylitol production profile during the sequential utilization of glucose and 
xylose, although their overexpression increased the intracellular NADPH concentrations. In 
contrast, the overexpression of NADP+-dependent dehydrogenases resulted in improved xylitol 
production when cellobiose and xylose were co-consumed (Fig. 3.5). These results indicated that 
the xylitol production using glucose as a co-substrate might be limited at the level of xylose 
uptake, suggesting that glucose-limited fed-batch fermentation is necessary to observe beneficial 
effects of improved NADPH production. However, enhanced NADPH regeneration can lead to 
improved xylitol production even in batch fermentation of cellobiose and xylose because xylose 
transport is not inhibited by cellobiose.  
 
3.5 Conclusion 
Cellodextrin transporter (cdt-1) and intracellular β-glucosidase (gh1-1) from N. crassa 
were introduced into an engineered S. cerevisiae expressing XYL1 from S. stipitis. The resulting 
S. cerevisiae strain (D-10-BT) was able to produce xylitol via simultaneous co-utilization of 
cellobiose and xylose. The co-utilization of cellobiose and xylose resulted in higher volumetric 
xylitol productivities as compared to the sequential utilization of glucose and xylose because 
cellobiose does not inhibit xylose transport. In addition, co-utilization of cellobiose and xylose 
65 
 
offers a simpler and more economic fermentation process where sophisticated glucose feeding is 
not necessary. Through overexpression of NADPH regenerating genes, xylitol productivity was 
further improved when cellobiose was used as a co-substrate instead of glucose. 
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3.6 Figures and tables 
 
           
 
Fig. 3.1 Confirmation of phenotypes of engineered S. cerevisiae strains. (A) Efficient cellobiose 
fermentation by the engineered S. cerevisiae (D-BT) expressing cellodextrin transporter (cdt-1) 
and intracellular β-glucosidase (gh1-1) from N. crassa. (B) Xylose assimilation by S. cerevisiae 
D-10-BT strain as a sole carbon source. Symbols: biomass (open circle), cellobiose (square), 
xylose (triangle down), xylitol (triangle up), and ethanol (diamond). 
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Fig. 3.2 Comparison of xylose consumption and xylitol production between serial utilization of 
glucose and xylose by D-10 (A) and simultaneous co-utilization of cellobiose and xylose by D-
10-BT (B). Symbols: biomass (open circle), glucose (hexagon), cellobiose (square), xylose 
(triangle down), xylitol (triangle up), and ethanol (diamond). 
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Fig. 3.3 Xylitol production through simultaneous co-utilization of cellobiose and xylose with 
sugar mixtures containing xylose and cellobiose at higher concentrations. Xylose and cellobiose 
concentrations were 30 g/L and 34 g/L (A) or 40 g/L and 44 g/L (B), respectively. Symbols: 
biomass (open circle), cellobiose (square), xylose (triangle down), xylitol (triangle up), ethanol 
(diamond), and acetate (closed circle). 
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Fig. 3.4 Enhanced xylitol production in a bioreactor under pH control using different ratios of 
xylose and cellobiose (A and B) as compared to xylitol production from a mixture of glucose and 
xylose (C). Symbols: biomass (open circle), glucose (hexagon), cellobiose (square), xylose 
(triangle down), xylitol (triangle up), and ethanol (diamond). 
C 
B 
A 
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Fig. 3.5 Effects of overexpression of NADPH regenerating enzymes on xylitol production by 
engineered S. cerevisiae D-10-BT. (A) Fermentation of a sugar mixture containing 30 g/L of 
glucose and 30 g/L of xylose, (B) 30g/L of cellobiose and 30 g/L of xylose. Symbols: D-10-BT-
C (closed circle), D-10-BT-ALD6 (square), D-10-BT-IDP2 (triangle up), D-10-BT-SsZWF1 
(triangle down).  
A B 
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Table 3.1 Strains and plasmids used in this study  
Strain or plasmid Description Reference or source 
    Strains   
S. cerevisiae D452-2 MATalpha, leu2, his3, ura3, and can1 Hosaka et al. (1992) 
S. cerevisiae D-BT S. cerevisiae D452-2 (pRS425-BT) Ha et al. (2011) 
S. cerevisiae D-10 Isogenic of D452-2 except for leu2::LEU2-SsXYL1  This study 
S. cerevisiae D-10-BT S. cerevisiae D-10 (pRS425-BT)  This study 
S. cerevisiae D-10-BT-C S. cerevisiae D-10-BT (pRS42KTEF) This study 
S. cerevisiae D-10-BT-ALD6 S. cerevisiae D-10-BT (pRS42KTEF-ALD6) This study 
S. cerevisiae D-10-BT-IDP2 S. cerevisiae D-10-BT (pRS42KTEF-IDP2) This study 
S. cerevisiae D-10-BT-SsZWF1 S. cerevisiae D-10-BT (pRS42KTEF-SsZWF1) This study 
   
    Plasmids   
    pYS10 pRS305 TDH3P-SsXYL1-TDH3T Jin and Jeffries (2003) 
    pRS425 LEU2, 2-µm origin Christianson et al. (1992) 
    pRS425-BT gh1-1 and cdt-1 under the control of PGK1 promoter in pRS425 Ha et al. (2011) 
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Table 3.1 (cont.) 
 
Strain or plasmid Description Reference or source 
    Plasmids   
pRS42K 2-µm origin, drug resistance marker (G418R) Taxis and Knop (2006) 
pRS42KTEF 2-µm origin, drug resistance marker (G418R), TEFP and CYC1T This study 
pRS42KTEF-ALD6 ALD6 under the control of TEF promoter in pRS42K This study 
pRS42KTEF-IDP2 IDP2 under the control of TEF promoter in pRS42K This study 
pRS42KTEF-SsZWF1 SsZWF1 under the control of TEF promoter in pRS42K This study 
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Table 3.2 Ratios of NADP+ and NADPH cofactors in engineered S. cerevisiae D-10-BT with 
NADPH regeneration using a sole carbon source 
Strains 
NADPH/NADP+a 
Glucose Cellobiose 
D-10-BT-C 1.03 ± 0.01 1.04 ± 0.01 
D-10-BT-ALD6 1.12 ± 0.04 1.16 ± 0.03 
D-10-BT-IDP2 1.15 ± 0.00 1.13 ± 0.01 
D-10-BT-SsZWF1 1.09 ± 0.02 1.13 ± 0.00 
 
aCells were harvested at mid-exponential phase before depletion of the sole carbon source 
(glucose or cellobiose) in YP medium to measure ratios of NADP+ and NADPH cofactors. 
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Table 3.3 Fermentation parametersa of S. cerevisiae D-10-BT with NADPH regeneration  
Strains 
Glucose and Xylose Cellobiose and Xylose 
XFinal PXtOH YXtOH XFinal PXtOH YXtOH 
D-10-BT-C 3.56 ± 0.03 0.33 ± 0.01 0.95 ± 0.01 4.14 ± 0.06 0.38 ± 0.00 1.00 ± 0.00 
D-10-BT-ALD6 2.92 ± 0.06 0.29 ± 0.00 0.96 ± 0.01 3.62 ± 0.21 0.53 ± 0.01 1.00 ± 0.00 
D-10-BT-IDP2 3.64 ± 0.09 0.34 ± 0.01 0.95 ± 0.02 8.33 ± 0.36 0.62 ± 0.01 1.00 ± 0.00 
D-10-BT-SsZWF1 3.58 ± 0.04 0.34 ± 0.01 0.96 ± 0.04 5.30 ± 0.00 0.52 ± 0.00 1.00 ± 0.00 
 
a Fermentation parameters: XFinal, final cell mass (g cells/L); PXtOH, xylitol productivity (g xylitol/L·h); YXtOH, xylitol yield (g xylitol/g 
xylose) 
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CHAPTER IV     SIMULTANEOUS UTILIZATION OF CELLOBIOSE, XYLOSE, AND 
ACETIC ACID FROM LIGNOCELLULOSIC BIOMASS FOR BIOFUEL 
PRODUCTION BY AN ENGINEERED YEAST PLATFORM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The content of this chapter was published. Na Wei and I were the co-first authors of the paper 
and Gyver Million, Jamie H.D. Cate, and Yong-Su Jin were co-authors. 2015. Simultaneous 
utilization of cellobiose, xylose, and acetic acid from lignocellulosic biomass for biofuel 
production by an engineered yeast platform. ACS Synthetic Biology 4 p.707-713. I performed 
the research with help from the co-authors and Dr. Yong-Su Jin was the director of the research. 
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4.1 Introduction 
The yeast Saccharomyces cerevisiae has been widely used for sugar fermentation and is a 
preferred microorganism for metabolic engineering efforts to produce biofuels from cellulosic 
biomass because of its high carbon fluxes in central metabolic pathways, osmotolerance, and 
genetic tractability (Hong and Nielsen, 2012). However, S. cerevisiae cannot naturally ferment 
xylose, the second most abundant component in lignocellulosic hydrolyzates, due to the lack of a 
functional assimilation pathway (Jeffries and Shi, 1999). Extensive research studies have focused 
on engineering S. cerevisiae for efficient fermentation of xylose (Jeffries and Jin, 2004; Kim et 
al., 2012a; Matsushika et al., 2009), but xylose metabolism is highly repressed in the presence of 
glucose, which makes it difficult to realize continuous fermentation using hydrolyzates that 
contain a xylose and glucose mixture. Meanwhile, the acetic acid ubiquitous in cellulosic 
hydrolyzates  can strongly diminish the bioconversion of sugar compounds due to its toxicity to 
fermenting microorganisms (Almeida et al., 2007; Bellissimi et al., 2009; Klinke et al., 2004; 
Palmqvist and Hahn-Hägerdal, 2000a; Pampulha and Loureiro-Dias, 1989). Many previous 
studies focused on developing methods to reduce the concentration of acetic acid in hydrolyzates 
(Silva et al., 2013). However, the detoxification strategies would require a separate process step 
and result in the loss of substantial amounts of carbon (Silva et al., 2013).  
A robust microbial system that efficiently utilizes mixed substrates derived from plant 
cell wall materials in toxic cellulosic hydrolyzates is required for economically feasible 
production of lignocellulosic biofuels, but such a system has yet to be developed. In our previous 
study, intracellular hydrolysis of cellobiose (a dimer of glucose) minimized the glucose 
repression problem described above and enabled co-fermentation of xylose and cellobiose by 
engineered S. cerevisiae (Ha et al., 2011a). On the other hand, to address the acetic acid toxicity 
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problem, we developed a strategy that converts acetic acid to ethanol in anaerobic xylose 
fermentation by S. cerevisiae strains (Wei et al., 2013). The strategy, in contrast to getting rid of 
acetic acid, utilizes it and improves the yield and productivity of ethanol while allowing in-situ 
detoxification of the cellulosic hydrolyzates (Wei et al., 2013). While the two approaches have 
been demonstrated separately, ideally, one strain would be able to co-ferment all three of the 
substrates ‒ cellobiose, xylose and acetic acid ‒ under industrially relevant anaerobic conditions. 
However, the possibility of simultaneous utilization of all the three components in engineered 
yeast has not been demonstrated. Therefore, the objective of this study was to integrate the 
cellobiose assimilation pathway, xylose fermentation pathway and acetic acid reduction pathway 
into a single yeast strain and demonstrate a strategy for making complete and efficient use of the 
cellulosic carbons. The study demonstrated for the first time successful integration of the three 
distinct heterologous pathways into one microbial platform using synthetic biology approaches 
and the pathway integration brought unique synergistic effects in enhancing biofuel production. 
The metabolic pathways for the co-consumption of cellobiose, xylose and acetic acid are 
illustrated in Fig. 4.1. A cellodextrin transporter (cdt-1) and intracellular β-glucosidase (gh1-1) 
from the cellulolytic fungi Neurospora crassa can be expressed in S. cerevisiae to enable 
cellobiose consumption (Galazka et al., 2010; Ha et al., 2011a) and bypass glucose repression 
problem. The xylose assimilation pathway can be implemented by expressing NAD(P)H-linked 
xylose reductase (XR) and NAD+-linked xylitol dehydrogenase (XDH) genes from 
Scheffersomyces stipitis (Jeffries, 2006; Kim et al., 2013b). The yeast S. cerevisiae does not have 
an acetate reduction pathway, so an NADH-consuming acetylating acetaldehyde dehydrogenase 
pathway can be introduced by expressing adhE from Escherichia coli to enable the reduction of 
acetate to ethanol. This pathway couples to the XR-XDH pathway to use surplus NADH as a 
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driving force and re-oxidize it to NAD+ to improve the xylose assimilation pathway (Wei et al., 
2013).  
 
4.2 Materials and methods 
 
4.2.1 Strains, media, and culture conditions 
All strains used in this study are summarized in Table 4.1. E. coli DH5 (F– recA1 endA1 
hsdR17 [rK– mK+] supE44 thi-1 gyrA relA1) (Invitrogen, Gaithersburg, MD) was used for gene 
cloning and manipulation. E. coli was grown in Luria-Bertani medium; 50 µg/mL of ampicillin 
was added to the medium when required. Yeast strains were routinely cultivated at 30°C in YP 
medium (10 g/L of yeast extract and 20 g/L of peptone) with 20 g/L of glucose or 20 g/L of 
cellobiose and/or xylose.  
 
4.2.2 Strains and plasmid construction 
All plasmids are listed in Table 4.2. In order to construct integrative plasmids expressing 
β-glucosidase (gh1-1) and cellodextrin transporter (cdt-1), the expression cassettes of β-
glucosidase (gh1-1) and cellodextrin transporter (cdt-1), which are both under the control of a 
PGK1 promoter and CYC1 terminator, were amplified by PCR with T3 and T7 sites respectively 
from previously developed multi-copy yeast plasmids(Ha et al., 2011a). Linearized vectors were 
prepared by PCR amplifying the region between the T3 and T7 sites of empty plasmids pRS405 
and pRS406. Auxotrophic markers and replicons are the backbones of the region. Expression 
cassettes with T3/T7 sites were cloned to the linearized vectors by using CloneEZ PCR cloning 
kit (Genscript, Piscataway, NJ). Recombination using homologous T3/T7 sites was performed 
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according to the manufacturer’s protocol. The resulting plasmids pRS405-gh1-1 and pRS406-
cdt-1 were genome-integrated at the LEU2 locus and URA3 locus of the SR8 strain, respectively, 
yielding the strain EJ3. Because SR8 did not have any auxotrophic markers, the strain EJ3 was 
selected on yeast synthetic complete (SC) agar medium containing 20 g/L of cellobiose as the 
sole carbon source.  
The plasmid containing the adhE expression cassette and control plasmid was 
constructed in our lab as described previously (Wei et al., 2013). Transformation of the plasmid 
constructs into the strain EJ4 was performed using the yeast EZ-Transformation kit (MP 
Biomedicals, Santa Ana, CA). YP agar plate containing 20 g/L glucose and 200 μg/mL G418 
was used to select positive yeast transformants using the KanMX resistance gene marker. The 
resulting transformants were named EJ4-a and EJ4-c.       
 
4.2.3 Fermentation experiments 
Yeast cells were grown in YP medium containing 20 g/L of glucose or cellobiose with 
200 μg/mL G418 when needed to prepare inoculums for ethanol production fermentation 
experiments. Cells were harvested at mid-exponential phase and inoculated after washing twice 
with sterilized water with an initial optical density (OD) of 1.0 at 600 nm. Flask fermentation 
experiments under oxygen-limited conditions were performed using 25 mL of YP medium 
containing appropriate sugars in a 125 mL flask at 30 ˚C and 100 rpm. Anaerobic co-
fermentation experiments using mixed substrates were performed in serum bottles flushed with 
nitrogen and sealed with butyl rubber stoppers at 30 ˚C and 100 rpm. Ergosterol and Tween 80 
were added to final concentrations of 0.01g/L and 0.42 g/L, respectively, for anaerobic 
fermentation (Eliasson et al., 2000).  
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4.2.4 Enzymatic assay of β-glucosidase activity 
Yeast cells grown to mid-log phase at 30 ˚C in YP medium with 20 g/L of cellobiose 
were harvested by centrifugation at 3000  g for 5 min., and the cell pellet was washed and 
suspended in Y-PER solution (Pierce, Rockford, IL). A crude cell extract was prepared following 
the manufacturer’s instructions. The β-glucosidase activity of the crude cell extract was 
measured according to the previous reports (Galazka et al., 2010). Briefly, the reaction solution 
contained 50 mM sodium acetate buffer (pH 4.8), 6.7 mM para-Nitrophenyl β-D-
glucopyranoside (pNPG), and the crude cell extract. The release of p-Nitrophenol (NP) was 
monitored by a microplate reader (Synergy 2; Biotek, Winooski, VT) at 405 nm during 1 hour of 
incubation at 30°C. One unit of enzyme activity is defined as the amount of enzyme that 
catalyzes 1 mol of substrate per min at 30 ˚C. Protein concentration was determined by the 
BCA method (Pierce, Rockford, IL). 
 
4.2.5 Determination of genomic copy numbers of gh1-1 and cdt-1 by quantitative PCR 
The genomic DNA of the strains to test was prepared with the YeaStar Genomic DNA kit 
(Zymo Research, Orange, CA) and quantified by NanoDrop ND-1000 (Thermo Fisher Scientific, 
Wilmington, DE). Real-time quantitative PCR was performed on a Lightcycler 480 instrument 
(Roche Applied Science, Indianapolis, IN) with SYBR Green I Master (Roche) following the 
manufacturer’s introductions. As shown in Table 4.2, primers were designed to detect the gh1-1 
and cdt-1 genes. A standard curve was generated by a gh1-1 gene fragment purified from 
pRS425-gh1-1 and another curve by a cdt-1 fragment purified from pRS426-cdt-1. As described 
by Kim et al. (Kim et al., 2013b), the genomic copy numbers (X) of the gene in the genomic 
DNA samples were estimated by the equation AX/B = C/D, where A is the size of the gh1-
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1(1.43 kb) or cdt-1 (1.74 kb) gene fragment, B is the size of the whole genome of S. cerevisiae 
(12000 kb), C is the gene concentration calculated by quantitative PCR (ng/µl), and D is the 
concentration of the genomic DNA samples (ng/µl).   
 
4.2.6 Analytical methods 
Cell growth was monitored by optical density (OD) at 600 nm using a UV-visible 
Spectrophotometer (Biomate 5, Thermo, NY). The cellobiose, xylose, glucose, glycerol, xylitol, 
acetate, and ethanol concentrations were determined by a high performance liquid 
chromatography (HPLC, Agilent Technologies 1200 Series) equipped with a refractive index 
detector as described before (Wei et al., 2013).  
 
4.3 Results 
 
4.3.1 Construction of an engineered S. cerevisiae capable of co-utilizing xylose and 
cellobiose via integration of cdt-1 and gh1-1 
The yeast strain SR8, capable of efficient xylose fermentation, was constructed in our lab 
(Kim et al., 2013b) through optimization in S. cerevisiae D452-2 of the expression levels of 
XYL1 (coding for XR), XYL2 (coding for XDH), and XYL3 (coding for xylulose kinase (XK)) 
from Scheffersomyces stipitis,  and through its laboratory evolution on xylose. The ALD6 gene 
coding for acetaldehyde dehydrogenase was deleted to minimize acetate accumulation. The SR8 
strain is able to ferment and grow on xylose under strictly anaerobic conditions as well as 
oxygen-limited conditions, with the fermentation performance comparable to the best performing 
engineered xylose-fermenting S. cerevisiae strains reported previously (Kim et al., 2013b). Using 
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the strain SR8, we then aimed to implement an efficient cellobiose fermentation pathway and an 
acetic acid reduction pathway to achieve co-conversion of the three substrates to ethanol by one 
strain. First, we introduced the cdt-1 and gh1-1 gene expression cassettes (Table 4.1) into the 
genome of S. cerevisiae for stable expression, resulting in the strain EJ3, which showed a low 
ethanol yield (YEthanol/Cellobiose = 0.32 g/g) and productivity (PEthanol/Cellobiose = 0.42 g/L∙h) from 
cellobiose under oxygen-limited conditions (Fig. 4.2A).  
 
4.3.2 Improved cellobiose-fermenting capability through laboratory evolution 
In order to further improve the cellobiose fermentation rates of the strain EJ3, we 
performed serial subcultures in medium with 80 g/L of cellobiose as the sole carbon source. We 
hypothesized that serial subcultures on cellobiose would enable the selection of evolved strains 
with rapid cellobiose-fermenting capability. The culture was initiated with an initial optical 
density at 600 nm (OD600) of 1.0 and transferred to fresh cellobiose media when the cells were in 
the stationary phase. The transfers were performed repeatedly until there was no more 
improvement of the cellobiose consumption rate. The EJ3 strain showed gradual improvement in 
its cellobiose consumption rate and ethanol production as we transferred the cells (Fig. 4.3). The 
last subculture exhibited a higher cellobiose consumption rate (2.32 g/L·h) and ethanol 
production than the first one after 36 h. Then, we isolated colonies from the last subculture, 
evaluated their cellobiose fermentation performance, and identified the strain with the best 
cellobiose fermentation properties, called EJ4 (Table 4.1). As shown in Fig. 4.4B, the EJ4 strain 
consumed cellobiose at nearly a 200% higher rate than the EJ3 strain. Interestingly, the 
sequenced the genome of the EJ4 strain did not contain any mutations related to the rapid 
cellobiose fermenting phenotype, except for increased copy numbers of gh1-1 and cdt-1 in the 
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genome of the strain. Quantitative PCR analysis results showed that strain EJ4 had substantially 
higher copy numbers of gh1-1 (18 copies) and cdt-1 (4 copies) than the strain EJ3 (6 copies of 
gh1-1 and 2 copies of cdt-1) (Fig. 4.4A). Also, an enzymatic activity assay showed that the EJ4 
strain had a higher β-glucosidase activity, which corresponded well with its increased cellobiose 
consumption rate and increased copy number of gh1-1 (Fig. 4.4B). With the improvement in 
cellobiose fermentation ability due to amplification of cdt-1 and gh1-1, the EJ4 strain was able to 
co-consume cellobiose and xylose simultaneously (Fig. 4.5). 
 
4.3.3 Simultaneous utilization of cellobiose, xylose, and acetic acid by an engineered yeast 
The strain EJ4 was then transformed with a plasmid containing an E. coli adhE 
overexpression cassette for an acetate reduction pathway. The resulting strain co-expressing 
three heterologous pathways to co-consume xylose, cellobiose, and acetic acid was named EJ4-a, 
and the EJ4 strain with an empty (control) plasmid was named EJ4-c (Table 4.1). Batch 
fermentation experiments under anaerobic conditions were performed to examine the ability of 
the engineered strains for simultaneous utilization of the three target substrates and to determine 
the effect of acetate reduction on the anaerobic fermentation of xylose and cellobiose. 
Simultaneous co-consumption of cellobiose, xylose, and acetic acid was achieved by the 
strain EJ4-a under strictly anaerobic conditions (Fig. 4.6A). All the cellobiose added (40 g/L) 
and nearly 40 g/L xylose were consumed within 120 h and 1.4 g/L acetate was consumed, 
demonstrating functional co-expression of the three heterologous pathways in the strain EJ4-a. In 
comparison, the control strain EJ4-c without the acetate reduction pathway was unable to 
consume acetate (Fig. 4.6B). The final ethanol concentration in the fermentation by EJ4-a was 
above 30 g/L (Fig. 4.6A). In contrast, fermentation by the EJ4-c strain had substantial amounts 
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of cellobiose and xylose remaining even after 120 h and only 25 g/L ethanol was produced (Fig. 
4.6B). The results demonstrated that a single engineered yeast platform could integrate the 
pathways for co-utilization of three important cellulosic biomass components (cellobiose, xylose, 
and acetic acid) for ethanol production under industrially relevant anaerobic conditions. 
Close comparisons of the fermentation performance by EJ4-a and the control EJ4-c 
strains revealed synergistic effects of the pathway integration (Fig. 4.7). Co-fermentation of the 
three substrates by EJ4-a led to a substantially higher ethanol yield (Fig. 4.7A) and a lower 
accumulation of byproducts (Fig. 4.7B) than the control without acetate consumption. Acetate 
reduction to ethanol by the strain EJ4-a could directly contribute to the improved ethanol yields 
meanwhile, re-oxidization of NADH to NAD+ through the AADH reaction could alleviate the 
redox cofactor imbalance from the xylose fermentation and thus allow more carbon flux to 
ethanol instead of byproducts (Wei et al., 2013). It is worthy of mentioning that the surplus 
NADH from the XR-XDH pathway was beneficial here in terms of providing the reducing 
equivalent required for acetate reduction to ethanol. Additionally, the specific ethanol 
productivity by the strain EJ4-a was 24% higher than that by EJ4-c (Fig. 4.7C). The results show 
the benefits in increasing both ethanol yield and productivity by combining the acetate reduction 
pathway with mixed sugar fermentation. Noticeably, the co-utilization of xylose and acetic acid 
in our previous study (Wei et al., 2013) had a specific ethanol productivity of only 0.12 g/(g dry 
cell wt·h), while the co-consumption of cellobiose together with xylose and acetic acid by the 
EJ4-a strain in this study under the same conditions had much higher specific ethanol 
productivity of 0.3 g/(g dry cell wt·h) (Fig 4.7C), demonstrating the synergistic effects of 
simultaneous fermentation of mixed sugars. 
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It is noteworthy that the growth curves of the strains EJ4-a and EJ4-c were similar (Fig. 
4.6C), even though the acetate reduction pathway in the strain EJ4-a consumed ATP (Fig. 4.1). 
Furthermore, the EJ4-a strain had an even higher sugar consumption rate than the EJ4-c strain 
(Fig. 4.6A and B). The results are consistent with our previous observations (Wei et al., 2013) 
and suggest that the ATP supply might not be a limiting factor and that the beneficial effects of 
implementing the acetate reduction pathway might overcome the potential negative effect of 
additional ATP consumption. In addition, the biomass yield of the strain EJ4-a (0.0112 ± 0.0002) 
was lower than that of EJ4-c (0.0130 ± 0.0002), suggesting that implementing the ATP 
consuming acetate reduction pathway could have advantage in reducing the carbon flux toward 
biomass (de Kok et al., 2011; Ha et al., 2013; Semkiv et al., 2014). 
 
4.4 Discussion 
The study demonstrated for the first time the co-conversion of three major carbon 
components (xylose, cellobiose, and acetic acid) derived from cellulosic feedstocks to ethanol in 
a single engineered microbial cell platform. The economically feasible production of cellulosic 
biofuels requires a microbial system capable of using the mixed substrates derived from 
cellulosic biomass for high-yield and rapid production of fuel compounds, but natural organisms 
able to metabolize multiple cellulosic substrates simultaneously have yet to be discovered. The 
metabolic engineering strategy reported here integrated three heterologous pathways into one 
yeast strain to solve challenges in developing efficient and cost-effective bioconversion 
processes for cellulosic biofuel production and shows the unique value of designing metabolic 
pathways in a networked way and exploring the synergy between individual pathways. 
Development of the strain EJ4-a presents an innovative metabolic engineering approach whereby 
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multiple substrate consumption pathways can be integrated in a synergistic way for enhanced 
bioconversion. 
The substrate co-utilization approach described here not only increases the ethanol yield 
and productivity but can also contribute to the development of consolidated bioprocessing 
(CBP) for cellulosic biofuels. CBP has received increased attention and research effort due to the 
economic benefits of process integration (Olson et al., 2012). Its ultimate goal is to combine all 
of the processes involved in cellulosic biofuel production into one cost-effective step. One 
critical challenge and technical obstacle to process integration is the development of a robust 
CBP enabling microorganism, which ideally has inhibitor tolerance, ability to utilize hexose and 
pentose sugars simultaneously at high efficiency, and ability to depolymerize lignocelluloses 
(Hahn-Hägerdal et al., 2006; Lynd et al., 2005). The strain EJ4-a shows several traits that are 
beneficial for CBP: the simultaneous utilization of various major substrates from lignocellulosic 
biomass increases productivity and yield and reduces the overall fermentation time; reduction of 
the fermentation inhibitor acetic acid allows conversion of the previously unused carbon fraction 
to ethanol as well as in situ detoxification; and the assimilation of cellobiose and intracellular 
hydrolysis using β-glucosidase produced by strain reduces the requirement for exogenous 
enzymes. Future work will focus on strain optimization to improve the abovementioned traits 
and thus advance the development of economically viable cellulosic biofuels. 
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4.5 Figures and tables 
 
 
 
 
Fig. 4.1 Schematic overview of biofuel production through co-utilization of cellobiose, xylose, 
and acetic acid from lignocellulosic biomass by engineered yeast. XR: xylose reductase. XDH: 
xylitol dehydrogenase. XK: xylulose kinase. ACS: acetyl-CoA synthetase. AADH: acetylating 
acetaldehyde dehydrogenase. ADH: alcohol dehydrogenase. 
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Fig. 4.2 Fermentation of cellobiose under oxygen-limited conditions by S. cerevisiae strain EJ3 
(A) and EJ4 (B). Results are the mean of duplicate experiments; error bars indicate standard 
deviations and are not visible when smaller than the symbol size. Symbols: cell growth (open 
circle), cellobiose (red circle), and ethanol (orange diamond). 
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Fig. 4.3 The evolution of the EJ3 strain containing cellodextrin transporter (cdt-1) and β-
glucosidase (gh1-1). Serial subcultures were performed under oxygen-limited conditions (100 
rpm) in YP medium with 80 g/L of cellobiose, and initial cell density of each subculture was 
adjusted to 0.29 g/L (OD600 = 1). Symbols: cell growth (open circle), cellobiose (red circle), and 
ethanol (orange diamond). 
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Fig 4.4 Copy numbers of the cdt-1 and gh1-1 genes (A), and cellobiose consumption rates and β-
glucosidase activities (B) in the strains EJ3 and EJ4 in medium containing 20 g/L cellobiose. 
Results are the mean of duplicate experiments and error bars indicate standard deviations.  
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Fig. 4.5 Co-fermentation of cellobiose and xylose under oxygen-limited conditions by S. 
cerevisiae strain EJ4. Results are the mean of duplicate experiments; error bars indicate standard 
deviations and are not visible when smaller than the symbol size. Symbols: cell growth (open 
circle), cellobiose (red circle), xylose (green triangle down), glycerol (blue square), xylitol (green 
triangle up), and ethanol (orange diamond). 
 
 
 
 
 
 
 
 
92 
 
 
 
 
Fig. 4.6 Anaerobic fermentation of cellobiose and xylose with simultaneous reduction of acetate 
by S. cerevisiae strain EJ4-a (A) and the fermentation profile by the strain EJ4-c (B). (C) Cell 
growth (OD600) comparison for EJ4-a and EJ4-c. Results are the mean of duplicate experiments; 
error bars indicate standard deviations and are not visible when smaller than the symbol size. 
Symbols: cell growth (open and closed circle), cellobiose (red circle), xylose (green triangle 
down), acetate (black x), glycerol (blue square), xylitol (green triangle up), and ethanol (orange 
diamond). 
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Fig. 4.7 Ethanol yields (A), byproduct yields (B), and specific ethanol productivity (C) during 
fermentation by strains EJ4-a and EJ4-c in anaerobic medium containing 40 g/L cellobiose, 40 
g/L xylose and 2 g/L acetate. Results are the mean of duplicate experiments and error bars 
indicate standard deviations. 
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Table 4.1 Strains and plasmids used in this study 
 
Strain or plasmid Description Reference or source 
    Strains   
    S. cerevisiae D452-2   MATa, leu2, his3,ura3, can1 (Hosaka et al., 1992) 
    S. cerevisiae SR8 
D452-2 expressing XYL1, XYL2, and XKS1 through integration (two copies          
for each gene), evolutionary engineering in xylose-containing media, and  
ALD6 deletion; point mutation Gly253Asp in the PHO13 gene 
(Kim et al., 2013b) 
    S. cerevisiae EJ3   SR8 leu2::LEU2 pRS405-gh1-1 ura3::URA3 pRS406-cdt-1 This study 
    S. cerevisiae EJ4   Evolved strain of EJ3 by repeated transferring in cellobiose-containing media This study 
    S. cerevisiae EJ4-a   EJ4 expressing E. coli adhE in a multicopy plasmid (pRS425- kanMX-adhE)     This study 
    S. cerevisiae EJ4-c 
EJ4 containing a multicopy plasmid without insert (pRS425- kanMX), as a  
control 
This study 
   
Plasmids   
    pRS405   Integration plasmid, LEU2 (Sikorski and Hieter, 1989) 
    pRS406   Integration plasmid, URA3 (Sikorski and Hieter, 1989) 
    pRS425    LEU2, 2-µm origin (Christianson et al., 1992) 
    pRS426   URA3, 2-µm origin (Christianson et al., 1992) 
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Table 4.1 (cont.) 
  
Strain or plasmid Description Reference or source 
    Plasmids   
    pRS425-gh1-1   pRS425 PGK1p-gh1-1-CYC1t (Galazka et al., 2010) 
    pRS426-cdt-1   pRS426 PGK1p-cdt-1-CYC1t (Galazka et al., 2010) 
    pRS405-gh1-1   pRS405 PGK1p-gh1-1-CYC1t This study 
    pRS406-cdt-1   pRS406 PGK1p-cdt-1-CYC1t This study 
    pRS425- kanMX   pRS425 with kanMX  (Wei et al., 2013) 
    pRS425- kanMX-adhE 
E. coli adhE under the control of GPD promoter and CYC1 terminator in  
pRS425- kanMX 
(Wei et al., 2013) 
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Table 4.2 Primers used in this study 
 
Name Sequences 
T3/T7 insert-F   ACGCCAAGCGCGCAATTAACC 
T3/T7 insert-R   CGGCCAGTGAGCGCGCGTAAT 
T3/T7 vector-F   GAGCTCCAGCTTTTGTTCCCT 
T3/T7 vector-R   GGTACCCAATTCGCCCTATAG 
CDT1 qPCR-F   TCCAATATCAAGCCCTGGAG 
CDT1 qPCR-R   GGACCAGTGTCACCAGTGTG 
GH1-1 qPCR-F   CAAGCACTGGATCACCTTCA 
GH1-1 qPCR-R   TGAGCGATGAGCAGGTTATG 
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CHAPTER V     TRANSPORTER ENGINEERING FOR IMPROVED CELLOBIOSE 
FERMENTATION UNDER LOW PH CONDITIONS IN SACCHAROMYCES 
CEREVISIAE 
 
 
 
 
 
 
 
 
 
 
 
The content of this chapter is in preparation for submission. I was the first author of the paper 
and Suryang Kwak, Heejin Kim, Jamie H.D. Cate, and Yong-Su Jin were co-authors. I 
performed the research with help from the co-authors and Dr. Yong-Su Jin was the director of 
the research. 
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5.1 Introduction 
 The microbial fermentation of lignocellulosic biomass has been intensively studied for 
making value-added products because of the increasing demand for sustainable and 
environmentally friendly processes  (FitzPatrick et al., 2010; Kumar et al., 2008). 
Saccharomyces cerevisiae is a traditional glucose fermenting strain, and a robust microorganism 
widely used to produce ethanol as well as value-added chemicals in many industrial processes 
(Dhamankar and Prather, 2011; Du et al., 2011; Nevoigt, 2008). While S. cerevisiae has achieved 
efficient fermentation of glucose to ethanol, it cannot utilize xylose, the second most abundant 
sugar component in lignocellulosic hydrolyzates, because of the lack of a xylose-utilizing 
pathway (Jeffries, 2006). However, engineered S. cerevisiae harboring heterologous xylose-
assimilating pathways can utilize xylose as the sole carbon source, and intensive metabolic 
engineering efforts have further improved xylose fermentation by the strain (Kim et al., 2013b; 
Lee et al., 2014). One of the fundamental problems of xylose fermentation by S. cerevisiae is the 
inhibition of xylose uptake in the presence of glucose. Because of this glucose repression, the 
engineered S. cerevisiae consumes glucose first, and xylose after depletion of the glucose (Subtil 
and Boles, 2012). This sequential utilization of glucose and xylose has resulted in low yields and 
productivity of ethanol (Oh et al., 2012). In order to make bioconversion more efficient, an 
engineered S. cerevisiae was developed that is capable of fermenting xylose and cellobiose, a 
dimer of glucose, simultaneously. The engineered strain containing heterologous genes coding 
cellodextrin transporter (cdt-1) and intracellular β-glucosidase (gh1-1) from Neurospora crassa 
could assimilate cellobiose and xylose simultaneously. Fermentation by this strategy exhibited a 
higher ethanol yield and productivity than the sequential utilization of glucose and xylose 
(Galazka et al., 2010; Ha et al., 2011a).     
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 In earlier work, two cellodextrin transporters (CDT-1 and CDT-2) functioning in S. 
cerevisiae were identified in N. crassa. CDT-1 is a symporter, requiring more ATP during 
cellobiose fermentation. In contrast, CDT-2 is a facilitator, transporting cellobiose via a 
concentration gradient, but it has much lower uptake activity (Vmax) than CDT-1 (Galazka et al., 
2010; Zhang et al., 2014). Although CDT-2 has low transporter activity, CDT-2 has the potential 
to surpass the performance of CDT-1 in terms of energetic benefits during cellobiose 
fermentation under ATP-limited conditions such as anaerobic and acidic conditions. For 
example, the transporter activity of CDT-2 was significantly increased via directed evolution, 
resulting in improved cellobiose fermentation performances under anaerobic conditions as 
compared to CDT-1 (Lian et al., 2014). 
 During hydrolysis of lignocellulosic biomass, weak acids such as acetic acid are 
commonly generated which influence the pH values of the hydrolyzates and fermenting 
microorganisms negatively (Almeida et al., 2007). Fermentation processes for industrial 
applications under low pH conditions can reduce not only the amount of neutralizing chemicals 
needed to maintain a neutral pH, but also bacterial contamination (Kádár et al., 2007; Yan et al., 
2014). While there are numerous benefits from fermentation under acidic conditions, the 
engineered yeast does not perform well under low pH conditions because cellodextrin 
transporters perform optimally under neutral pH conditions. Therefore, we attempted to obtain 
CDT-2 mutants which could facilitate cellobiose fermentation under acidic (pH 3~4) conditions. 
To this end, we constructed a library of CDT-2 mutants. Also, we were able to isolate a mutant 
CDT-2 which enabled improved cellobiose uptake at pH 3. As compared to wild type CDT-2, 
the CDT-2 mutant possessed two mutations (I96N/T487A) and facilitated enhanced cellobiose 
fermentation regardless of pH (3 and 6) or medium (minimal and complex).  
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5.2 Materials and methods 
 
5.2.1 Strains, media, and culture conditions 
The yeast plasmids and strains used in this study are summarized in Table 5.1. 
Escherichia coli DH5 (F– recA1 endA1 hsdR17 [rK– mK+] supE44 thi-1 gyrA relA1) 
(Invitrogen, Gaithersburg, MD) was used to amplify the plasmids. S. cerevisiae D452-2 (MAT α 
leu2 his3 ura3 can1) (Hosaka et al., 1992) was used as the host strain for library construction 
based on homologous recombination and cellobiose fermentation. The E. coli was grown in 
Luria-Bertani medium; 50 µg/mL of ampicillin was added as required. The yeast strains were 
routinely cultivated at 30 ˚C in YP medium (10 g/L of yeast extract and 20 g/L of peptone) with 
20 g/L of glucose or 20 g/L of cellobiose. To select the transformants using an auxotrophic 
marker, yeast synthetic complete (SC) medium was used, which contained 6.7 g/L of yeast 
nitrogen base plus 20 g/L of cellobiose, 20 g/L of agar, and CSM-Leu-Trp-Ura-His (MP 
Biomedicals, Santa Ana, CA) with a supply of appropriate nucleotides and amino acids. 
 
5.2.2 Fermentation experiments 
The yeast cells were grown in YP medium containing 20 g/L of cellobiose to prepare 
inoculums for the fermentation experiments. The cells were harvested in the mid-exponential 
phase and inoculated into the experimental flasks after washing them twice with sterilized water. 
All of the flask fermentation experiments were performed using 25 mL of medium with the 
appropriate sugars at 30°C with initial optical densities (OD) at 600 nm of 1.0 under oxygen-
limited conditions. Recombinant strains were tested using complex medium and minimal 
medium. To perform experiments with a complex medium, YP containing 80 g/L of cellobiose 
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was selected. For experiments using a minimal medium, recombinant strains were cultured in SC 
containing 20 or 40 g/L of cellobiose with pH adjustments.   
 
5.2.3 Construction of CDT2 mutant library 
In vivo homologous recombination in yeast was used for the creation of a CDT-2 mutant 
library (Swers et al., 2004). For the construction of recombinant plasmids, the pRS426 plasmid 
with green fluorescent protein (GFP) fusion, which was used in a previous study (Galazka et al., 
2010), was prepared as the backbone plasmid. The pRS426-cdt-2 plasmid with GFP was a 
restriction enzyme digested by ClaI and SpeI to remove the wild type cdt-2 gene, and purified 
with a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA) to get the linearized plasmid. Error-
prone PCR was performed to create a library of CDT-2 mutants. Random mutagenesis of CDT-2 
was done with the GeneMorph II Random Mutagenesis Kit (Agilent, Santa Clara, CA), and the 
conditions for polymerase chain reactions (PCR) were set to create a low mutation rate (0-4.5 
mutations/kb), following the manufacturer’s directions. PCR template was a PCR amplified cdt-
2 gene to inhibit the contamination of pRS426-cdt-2 plasmid to the host cell during the 
transformation experiment. The linearized pRS426 plasmid, the PCR product of the CDT-2 
mutants, and pRS425-gh1-1(Galazka et al., 2010) were transformed using the high-efficiency 
yeast transformation (Gietz and Schiestl, 2007) to construct cellobiose metabolic pathways. 
Approximately 30 μg of insert was transformed, and the insert-to-vector ratio was 3:1. After the 
heat shock, 0.1 % of the transformant culture was spread on SC agar medium containing 20 g/L 
of cellobiose to confirm the size of the library of the CDT-2 mutant. The rest of the 
transformants were used for fluorescence-activated cell sorting (FACS) experiments.  
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5.2.4 Fluorescence-activated cell sorting (FACS) based library screening 
Fluorescence-activated cell sorting was performed using a BD FACS ARIA II sorter in 
the Roy J. Carver Biotechnology Center at the University of Illinois at Urbana-Champaign. The 
transformants were grown in SC medium containing 20 g/L of cellobiose as the sole carbon 
source, and the medium was adjusted to pH 3 to sort the cells capable of consuming cellobiose 
efficiently under low pH conditions. In addition, S. cerevisiae D452-2 expressing cdt-2 and gh1-
1 without GFP fusion was prepared as a negative control sort, and cultured under the same 
conditions as the transformants. GFP was excited at 488 nm and captured by a 530/30 nm 
bandpass filter. The transformants from the sort were captured in SC medium and used for 
laboratory evolution experiments.   
 
5.2.5 Laboratory evolution 
The sorted transformants were grown in SC medium containing 80 g/L of cellobiose as 
the sole carbon source under oxygen-limited conditions, and the medium was adjusted to pH 3. 
The cell culture was initiated with an initial optical density at 600 nm (OD600) of 0.1, and 
transferred to fresh cellobiose medium when the cells were in the stationary phase. The transfers 
were performed repeatedly until there was no more improvement in the cellobiose consumption 
rate. 
 
5.2.6 Analytical methods 
Cell growth was monitored by OD at 600 nm using a UV-visible spectrophotometer 
(Biomate 5, Thermo, NY). The glucose, cellobiose, xylose, xylitol, glycerol, acetate and ethanol 
concentrations were determined by high performance liquid chromatography (HPLC, Agilent 
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Technologies 1200 Series) equipped with a refractive index detector and a Rezex ROA-Organic 
Acid H+ (8%) column (Phenomenex Inc., Torrance, CA). The column was eluted with 0.005 N of 
H2SO4 at a flow rate of 0.6 mL/min at 50 ˚C. 
 
5.3 Results 
 
5.3.1 Creation of CDT-2 mutant library by homologous recombination 
We created a library of CDT-2 mutants, and isolated CDT-2 mutants that efficiently 
maintained their activities under acidic conditions (Fig. 5.1). Construction and screening of the 
mutant library for desired mutants are the prerequisites for our goal. As homologous 
recombination in yeast is an efficient and useful genetic principle to construct libraries (Du et al., 
2012; Swers et al., 2004), we transformed the gh1-1 gene encoding β-glucosidase, cdt-2 mutants 
encoding cellodextrin transporters, and backbone plasmid with GFP into S. cerevisiae for in vivo 
recombination. The transformants expressing functional gh1-1 and mutant cdt-2 were able to 
utilize cellobiose as the sole carbon source. After the transformation experiments, we spread 
0.1 % of the whole population of transformants on SC medium containing cellobiose, obtaining 
1.9  105 transformants. In order to confirm whether the in vivo recombination for the mutant 
library was working or not, we randomly picked ten colonies from the transformants and isolated 
mutant cdt-2 plasmids for DNA sequencing. We observed five of ten plasmids contained two to 
eight point mutations on the cdt-2 gene. This library constructed of CDT-2 mutants, which 
exhibited a 50% mutation rate, was employed for the screening experiments.      
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5.3.2 FACS-based screening and laboratory evolution for isolation of desired CDT-2 
mutants 
We hypothesized that the highly expressed CDT-2 mutants and desired CDT-2 mutants 
which could contain their activity under low pH conditions might show higher GFP levels than 
the other CDT-2 mutants. In addition, the yeast cells with the desired CDT-2 mutants might 
grow better on cellobiose under low pH conditions. As culture condition is a critical factor that 
can differentiate between desired and other mutants, we tested the effects of low pH on cell 
growth using SC medium with pH adjustments. The engineered S. cerevisiae expressing gh1-1 
and cdt-2 showed a gradual reduction of cell viability after culturing for 120 hours under low pH 
conditions (pH 2 – 4) (Fig. 5.2). If the screening conditions were too harsh, no cell might 
survive. Also, the difference in cell growth between the desired CDT-2 mutants and the other 
mutants might be marginal under mild culture conditions. Based on the cell growth under low pH 
conditions, we decided to use pH 3 for FACS-based screening experiments. 
First, we cultured the transformants harboring the CDT-2 mutant library in SC medium 
with pH 3 until the optical density of the cultured cells at 600 nm was around one. Cells highly 
expressing GFP, which were 0.15% (34/22694) of the whole population, were isolated through 
FACS. Because the FACS-isolated transformants were a mixture of various CDT-2 mutants, we 
performed laboratory evolution experiments to isolate the best CDT-2 mutant from the mixture. 
We hypothesized that the best CDT-2 would be a majority of the whole population if the isolated 
transformants were cultured under low pH conditions repeatedly. Because the transformant 
expressing the desired CDT-2 mutant might grow faster than the other transformants, the 
proportion of the slower-growing transformants would be decreasing with the series of transfers. 
To carry out the laboratory evolution experiments, we initiated the culture with an initial optical 
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density at 600 nm (OD600) of 0.1, and transferred it to fresh cellobiose media when the cells were 
in the stationary phase. The transfers were performed repeatedly until there was no more 
improvement in the cellobiose consumption rate. As we transferred the cells, we observed their 
cellobiose consumption rate was saturated. The ethanol production was 5.18 g/L within 177 
hours in the last culture with higher cellobiose consumption rate than the first culture (Fig. 5.3). 
This observation suggests two possible causes for the improvement of the cellobiose 
consumption rate during the laboratory evolution: (1) beneficial mutations or adaptations in the 
genome of the transformants improved the cellobiose fermentation under low pH conditions; (2) 
the population of the CDT-2 mutant performing better under low pH conditions increased during 
the laboratory evolution.  
 To confirm whether the CDT-2 mutant was the causal factor of the improvement of 
cellobiose consumption during the serial subcultures, we did two transfers in YP medium 
containing glucose to remove plasmids and thus isolate the host strains. After spreading the cells 
on a YP agar plate containing glucose (YPD), we picked twenty colonies and inoculated them on 
a SC Leu- Ura- agar plate to test whether they had any plasmids or not. By comparing the 
colonies on the YPD and SC plates, we isolated eight colonies that did not harbor any plasmids. 
These colonies showed no difference in phenotypes during fermentation of 80 g/L cellobiose 
with pH 3 as compared to the wild type S. cerevisiae D452-2. This result indicates that the 
improved cellobiose fermentation under acidic conditions did not originate from the genetic 
perturbations in the genome of the host strain, but from CDT-2 mutants in the transformants. 
Second, we isolated plasmids from the FACS-isolated transformants. The extracted plasmids 
were mixtures of the pRS425-gh1-1 and pSR426-mutant cdt-2, and we transformed them into E. 
coli again. Because each E. coli colony contained only one kind of plasmid, we picked 20 E. coli 
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colonies after the transformations and isolated their plasmids. Through PCR amplification of the 
cdt-2 gene, we got 10 mutant cdt-2 plasmids and performed DNA sequencing on them. As a 
result, we found that 3 of 10 had point mutations on the cdt-2 gene. Interestingly, all 3 plasmids 
possessed the same two mutations (I96N/T487A).  
 
5.3.3 Comparison of wild type CDT-2 and CDT-2 mutant 
 We began the phenotypic characterization of the CDT-2 mutant (I96N/T487A) by re-
transforming it into the S. cerevisiae D452-2 strain. We constructed DBT2M, which expressed 
GH1-1 and CDT-2 (I96N/T487A) for cellobiose fermentation, and tested its fermentation 
performances under various conditions. First, both the DBT2W (wild type CDT-2) and DBT2M 
(mutant CDT-2 I96N/T487A) strains were cultured in YP medium with 80 g/L cellobiose under 
oxygen-limited conditions. As shown in Fig. 5.4A, both strains were able to consume 80 g/L of 
cellobiose within 72 hours. However, the DBT2M strain showed 30 % higher cellobiose 
consumption rate at 30 hours (2.35 g/L∙h) than the DBT2W strain (1.79 g/L∙h). In addition, the 
ethanol yield in fermentation of the DBT2M strain (0.38 g ethanol/g cellobiose) was 31% higher 
than that of the DBT2W strain (0.29 g ethanol/g cellobiose). In order to test whether there were 
any changes in transporter expression, we measured GFP fluorescence at the mid-exponential 
phase (30 hours). The levels of transporter expression were judged by the amount of GFP 
fluorescence per cell when the cell densities were adjusted to an OD of 5. During the cellobiose 
fermentation in YP medium, there was no significant difference in the amount of GFP 
fluorescence per cell regardless of wild type or mutant cdt-2 (Fig. 5.4A). These results suggest 
that the mutant CDT2 (I96N/T487A) did not have better expression or localization as compared 
to the wild type CDT2. However, changes in the kinetic properties of the mutant CDT2 by point 
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mutations might allow the yeast cell to consume cellobiose faster than wild type CDT2, even in 
the neutral, complex (YP) medium.  
 Next we looked for differences between the DBT2W and DBT2M strains in minimal 
(SC) medium with pH 3 and pH 6. The performances of these strains were much poorer than in 
complex medium, but the DBT2M strain exhibited faster cellobiose consumption and more 
ethanol production than the DBT2W strain in the minimal medium, the same as in the complex 
medium (Fig. 5.4B and C). At pH 6 for 76 hours, DBT2W consumed 14 g/L of cellobiose, and 
produced 2.5 g/L of ethanol, while DBT2M consumed 25 g/L of cellobiose, and produced 6.9 
g/L of ethanol. Both strains showed much lower cellobiose consumption rates and ethanol yields 
at pH 3 than pH 6 (Table 5.2). We also observed that the ratio of specific cellobiose fermentation 
rates between pH 3 and pH 6 differed according to the type of CDT-2 transporter. The ratio of 
specific cellobiose consumption rates at pH 3 and 6 for DBT2W was 0.863 (0.082/0.095), while 
that for DBT2M was higher (0.963 = 0.155/0.161). Although the cellobiose consumption rates of 
DBT2M were already higher than those of DBT2W for pH 6 and pH 3, the higher ratio of 
specific cellobiose consumption rate between pH 3 and 6 showed that there was another factor, 
tolerance to low pH, which improved cellobiose fermentation at pH 3. These results indicate that 
the mutant CDT2 (I96N/T487A) improved not only the cellobiose consumption rate, but also the 
tolerance to low pH conditions. In order to assess the levels of transporter expression under 
different pH conditions, we measured the amount of GFP fluorescence per cell adjusted to the 
same OD of 5 at the exponential phase as in the previous GFP measurements. The values per cell 
at pH 6 were 60% higher than those at pH 3, showing that transporter expression or localization 
was worse under acidic than neutral pH conditions (Fig. 5.4B and C). Regardless of pH, 
however, the differences in GFP fluorescence between DBT2W and DBT2M were marginal. 
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Based on the data of GFP fluorescence and fermentation profiles under various pH conditions, 
point mutations on the cdt-2 gene facilitated enhanced cellobiose fermentation under acidic 
conditions (pH 3), but they did not improve the expression or stability of the cellodextrin 
transporter under any pH conditions.  
 
5.3.4 Synergistic effects of energetic benefits and tolerance to low pH on cellobiose 
fermentation  
Undissociated acetic acid drastically increases in the fermentation media below the acetic 
acid pKa (4.85, at 30 ˚C), and it can enter the cell and change the intracellular pH (i Nogué et al., 
2013). To keep the intracellular pH neutral, the cell requires more ATP to pump out excess 
protons (Pampulha and Loureiro-Dias, 2000). Since the CDT-2 mutant (I96N/T487A) has more 
energy-saving benefits as a facilitator than wild type CDT-1, and more tolerance to acidic 
conditions than wild type CDT-2, the combination of these advantages might have synergistic 
effects on cellobiose fermentation under ATP generation-limited conditions. Based on this 
observation, we hypothesized that the engineered yeast with the CDT-2 mutant (I96N/T487A) 
might have enhanced cellobiose consumption and cell growth in minimal medium with low pH 
as compared to wild type CDT-1 and CDT-2. To test this hypothesis, we first compared the 
cellobiose fermentation profiles of the DBT1W, DBT2W, and DBT2M using 20 g/L cellobiose 
with initial pH 3. As shown in Fig. 5.5A, although DBT2M showed a 33% higher cellobiose 
consumption than DBT2W, its specific cellobiose consumption rate and ethanol productivity 
were lower than DBT1W. Kim and coworkers reported that CDT-1 expressing strain showed 
higher ethanol yields and productivities than CDT-2 expressing strain regardless of complex or 
minimal media (Kim et al., 2014). We observed that wild type CDT-1 performed the best among 
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transporters even in minimal medium adjusted to pH 3, which is consistent with the previous 
results. We next looked for differences in fermentation performances using minimal medium 
with 2 g/L of initial acetic acid, which were much harsher conditions than the simply low pH (pH 
3). Without any adjustment, the initial pH of the minimal medium containing 2 g/L of acetic acid 
was 3.3. Interestingly, when the CDT-2 mutant (I96N/T487A) was expressed with GH1-1 in 
engineered S. cerevisiae during fermentation of 20 g/L cellobiose, its cellobiose consumption 
rate and ethanol productivity were much higher than those of DBT1W (Fig. 5.5B). These results 
indicate that the energy-saving advantage of CDT-2, which does not require ATP to uptake 
extracellular cellobiose, plays an important role in its cellobiose fermentation under ATP-limited 
conditions. In addition, point mutations (I96N/T487A) on the cdt-2 gene facilitated cellobiose 
fermentation, resulting in a higher cellobiose consumption rate and cell growth than for wild type 
CDT-2.   
 
5.4 Discussion 
In the present study, we engineered CDT-2 to improve its tolerance of acidic conditions. 
This study was not only focused on faster cellobiose consumption, but also on higher tolerance 
by the transporter of acidic conditions during cellobiose fermentation. We accomplished 
transporter engineering by a combination of directed evolution, FACS isolation, and laboratory 
evolution. Directed evolution has been widely used to improve activity of biomolecules and 
manipulate the properties of enzymes (Packer and Liu, 2015). Generating gene diversity and 
functional mutants by directed evolution might give solutions to problems we cannot solve using 
natural proteins (Brustad and Arnold, 2011; Wang et al., 2012; Wörsdörfer et al., 2011). Directed 
evolution offers a greater possibility of success in altering protein properties under acidic 
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conditions than rational approaches. After construction of the library of target proteins, a rapid 
and efficient screening tool is essential for successful isolation of the desired mutants 
(Bornscheuer et al., 2012; Cobb et al., 2012). Here we created a sequential screening and 
selection system for isolation of CDT-2 mutants which showed a higher tolerance to acidic 
conditions than wild type CDT-2. First, high-throughput screening by flow cytometry was used 
to isolate the populations harboring functional cellodextrin transporters. Because point mutations 
by error-prone PCR can generate diverse enzyme activities, it is necessary to remove 
malfunctioning transporters in the engineered S. cerevisiae for further screening processes. High 
GFP levels exhibited by the cells indicate that transporters were well-localized in the membranes 
or highly expressed to uptake extracellular cellobiose. Although not all of the transformants 
showing high GFP levels might have been capable of transporting cellobiose efficiently (high 
Vmax), we isolated the active 0.15% (34/22694) of the whole population through FACS. Second, 
laboratory evolution was performed to magnify the populations harboring the desired CDT-2 
mutants by transferring the FACS-isolated cells under acidic conditions. Since the populations 
isolated from the first screening using flow cytometry included both good and bad transporters, 
we imposed selection pressure for the desired phenotypes to increase the proportion in the whole 
population of the transformants containing efficient CDT-2 mutants. Selection pressure with a 
pH 3 medium was used to wash out slower-growing and non-growing yeast cells. After testing 
and characterizing a few colonies, we identified CDT-2 mutant (I96N/T487A). The successful 
isolation of the CDT-2 mutant indicates that laboratory evolution with selection pressure can be 
combined with FACS-based screening as a powerful strategy to supplement the screening 
process. 
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Re-transformation of the CDT2 mutant into S. cerevisiae D452-2 confirmed that the 
enhanced cellobiose fermentation under acidic conditions was caused by the mutations 
(I96N/T487A) on the cdt-2 gene. We also found that after removing the mutant CDT-2 plasmid, 
the isolated host strain (D452-2) from the laboratory evolution performed similarly to wild type 
S. cerevisiae D452-2 under acidic conditions. These results suggest that those mutations on cdt-2 
play an important role in the improvement of transporter activity and tolerance to acidic 
conditions. However, the CDT-2 mutant (I96N/T487A) did not induce stable expression or 
localization of the cellodextrin transporter. This agrees with the GFP fluorescence data during 
fermentation experiments under low pH conditions (Fig 5.4). Low pH conditions affect not only 
the activity of proteins located in the plasma membrane such as H+-ATPase and transporters, but 
also the level of mRNA from genes related to the plasma membrane (Carmelo et al., 1996). In 
addition, yeast cell wall structure can be changed by low external pH conditions (Kapteyn et al., 
2001). For these reasons, stable expression of the CDT-2 transporter under acidic conditions 
might be limited, whether a wild type or mutant. Notably, mutations on the cdt-2 gene improved 
not only its cellobiose uptake activity, but also its tolerance to low pH conditions. To predict the 
structure of the CDT-2 mutant (I96N/T487A) and see the locations of the mutations on 
membrane transporter topologies, we used the HMMTOP server (Tusnady and Simon, 2001) and 
TMRPres2D software (Spyropoulos et al., 2004). According to the visualized topology of the 
mutant CDT-2 (I96N/T487A), I96 was located in the second transmembrane helix and T487 was 
located in the last intracellular loop structure (Fig. 5.6). Point mutations in transporters have 
affected the phenotypes, and the locations of the mutations varied from transmembrane helix 
domains to loop structures (Eriksen et al., 2013; Lian et al., 2014; Lu and Bush, 1998; Young et 
al., 2012). I96 in the transmembrane helix might change interactions between cellobiose and the 
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transmembrane associated with binding cellobiose. Single amino acid substitution can change 
not only the activity, but also the optimum pH of a protein because of the shift of pKa (Joshi et 
al., 2000). Similarly, the shift of pKa from isoleucine to asparagine (I96N) in the helix might 
induce a change in charge of the structure, and improve cellobiose uptake under low pH 
conditions. In addition, mutations in the intracellular loop of transporters also occurred in the 
previous studies (Lian et al., 2014; Young et al., 2012). Although the underlying mechanisms are 
not clear, these results suggested that another mutation (T487A) in the loop structure might 
improve cellobiose release or transporter conformation.  
In the present study, energy advantages of the mutant CDT-2 (I96N/T487A) were 
observed when cellobiose was fermented under acidic conditions. According to the previous 
studies, strains expressing the CDT-2 transporter did not exhibit better fermentation 
performances under ATP-limited conditions such as minimal media than the CDT-1 transporter, 
although the CDT-2 transporter had energy benefits as a facilitator (Lian et al., 2014; Zhang et 
al., 2014). Since the CDT-1 transporter had a higher Vmax than the CDT-2 transporter, the energy 
benefits from less ATP consumption did not overcome the kinetic benefits (Kim et al., 2014). On 
the contrary, the mutant CDT-2 (I96N/T487A) exhibited a much higher cellobiose consumption 
rate and ethanol productivity than wild type CDT-1 and CDT-2 under low pH conditions with 
added acetic acid (Fig. 5.5B). The identified mutations on the cdt-2 gene (I96N/T487A) might 
contribute to the improvement of both kinetic properties and tolerance to low pH conditions. 
These results suggested that the combination of those two advantages improved cellobiose 
fermentation in a synergistic way under low pH conditions. However, the fermentation 
performances by the mutant CDT-2 (I96N/T487A) indicate that it is necessary to further improve 
its cellobiose consumption rate for enhanced ethanol production. More rounds of directed 
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evolution of the mutant CDT-2 can be used to obtain other desired mutations for further 
improvement of cellobiose fermentation. In addition, obtaining more desirable mutations could 
help us understand more certain point mutations induce the phenotype changes.        
In summary, we engineered cellodextrin transporter CDT-2 to improve cellobiose 
fermentation under acidic conditions via directed evolution. We successfully isolated the mutant 
CDT2 (I96N/T487A), with the mutations located in the transmembrane helix domain and 
intracellular loop structure. They improved not only the cellobiose consumption rate, but also 
tolerance to acidic conditions as compared to the wild type CDT-2. This study demonstrates that 
high-throughput screening using flow cytometry followed by laboratory evolution with selection 
pressure can be a powerful strategy for the isolation of desired mutants. We envision that the 
strategy presented here could be applied to transporter engineering for improving tolerance to 
fermentation inhibitors derived from lignocellulosic hydrolyzates such as HMF and furfural. 
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5.5 Figures and tables 
 
 
 
Fig. 5.1 Schematic overview. The strategy includes construction of a CDT-2 mutant library by 
homologous recombination, FACS-based high-throughput screening, and laboratory evolution.  
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Fig. 5.2 Effects of low pH conditions on cell growth. The engineered S. cerevisiae strain 
DBT2W expressing cellodextrin transporter (cdt-2) and β-glucosidase (gh1-1) was cultured 
under various pH conditions. Fermentation experiments were performed under aerobic 
conditions (250 rpm) in SC medium with 40 g/L of cellobiose, and the initial cell density of each 
subculture was adjusted to 0.029 g/L (OD600 = 0.1). 
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Fig. 5.3 Laboratory evolution of the FACS-isolated transformants under low pH conditions. The 
subcultures were performed under oxygen-limited conditions (100 rpm) in SC medium with 80 
g/L of cellobiose, and the initial pH of the medium was adjusted to 3. The initial cell density of 
each subculture was adjusted to 0.029 g/L (OD600 = 0.1). 
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Fig. 5.4 Comparison of fermentation profiles and expression levels of cellodextrin transporters 
between the engineered S. cerevisiae DBT2W, containing gh1-1 and wild type cdt-2 (solid 
symbols), and DBT2M, containing gh1-1 and mutant cdt-2 (open symbols) strains. Cellobiose is 
shown by squares and ethanol by diamonds. Fermentations were performed in YP medium (A), 
SC medium with initial pHs 6 (B), and 3 (C) containing cellobiose (80 g/L and 40 g/L) under 
oxygen-limited conditions. The initial cell density was adjusted to 0.29 g/L (OD600 = 1). During 
the exponential phase of these fermentations, cells were harvested and the GFP fluorescence was 
measured after adjusting the cell density to OD600 of 5. The results are the mean of duplicate 
experiments and the error bars indicate the standard deviations.
A B C 
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Fig. 5.5 Fermentation performances of engineered S. cerevisiae strains according to cellodextrin 
transporters (wild type cdt-1, cdt-2, and mutant cdt-2). Fermentations were performed in SC 
medium containing 20 g/L cellobiose under oxygen-limited conditions. To evaluate tolerance to 
acidic conditions, SC medium with the initial pH 3 (A) or SC medium containing 2 g/L acetic 
acid with the initial pH 3.3 (B) was used. The initial cell density was adjusted to 0.29 g/L (OD600 
= 1). The results are the mean of duplicate experiments and the error bars indicate the standard 
deviations.
A 
B 
119 
 
 
 
 
Fig. 5.6 Structure of mutant CDT-2. The stars indicate the mutations obtained by directed 
evolution.  
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Table 5.1 Strains and plasmids used in this study 
 
Strain or plasmid Description Reference or source 
    Strains   
S. cerevisiae D452-2 MATα, leu2, his3, ura3, and can1 (Hosaka et al., 1992) 
S. cerevisiae DBT1W D452-2/pRS425-gh1-1/pRS426-cdt-1  This study 
S. cerevisiae DBT2W D452-2/pRS425-gh1-1/pRS426-cdt-2 This study 
S. cerevisiae DBT2M D452-2/pRS425-gh1-1/pRS426-cdt-2m This study 
   
    Plasmids   
pRS425 2 µm origin, LEU2 (Christianson et al., 1992) 
pRS426 2 µm origin, URA3 (Christianson et al., 1992) 
pRS425-gh1-1 pRS425 PGK1p-gh1-1-CYC1t (Galazka et al., 2010) 
pRS426-cdt-1 pRS426 PGK1p-cdt-1-CYC1t (Galazka et al., 2010) 
pRS426-cdt-2 pRS426 PGK1p-cdt-2-CYC1t (Galazka et al., 2010) 
pRS426-cdt-2m pRS426 containing the CDT-2 (I96N/T487A) with PGK1p and CYC1t This study 
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Table 5.2 Fermentation parametersa of DBT2W and DBT2M under various conditions 
Media Strains rCellobiose rCellobiose* PEthanol PEthanol* 
YPC 80b (at 36 h) DBT2W 1.865 ± 0.042 0.031 ± 0.001 0.483 ± 0.007 0.096 ± 0.002 
 DBT2M 2.136 ± 0.011 0.033 ± 0.000 0.738 ± 0.033 0.136 ± 0.005 
SCC 40c (pH 6, at 76 h) DBT2W 0.185 ± 0.003 0.095 ± 0.003 0.033 ± 0.002 0.017 ± 0.001 
 DBT2M 0.329 ± 0.006 0.161 ± 0.002 0.090 ± 0.000 0.044 ± 0.000 
SCC 40d (pH 3, at 76 h) DBT2W 0.136 ± 0.000 0.082 ± 0.000 0.016 ± 0.000 0.010 ± 0.000 
 DBT2M 0.261 ± 0.007 0.155 ± 0.003 0.064 ± 0.001 0.038 ± 0.000 
 
a Fermentation experiments were performed under oxygen-limited conditions (100 rpm) and the initial cell density was adjusted to 
0.29 g/L (OD600 = 1).  
b YP medium containing 80 g/L of cellobiose. 
c SC medium containing 40 g/L of cellobiose. The initial pH of the medium was adjusted to 6. 
d SC medium containing 40 g/L of cellobiose. The initial pH of the medium was adjusted to 3. 
Parameters: rcellobiose, cellobiose consumption rate (g/L∙h); rcellobiose*, specific cellobiose consumption rate (g/g cell/h); Pethanol, 
volumetric ethanol productivity (g/L∙h); Pethanol*, specific ethanol productivity (g/g cell/h)   
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CHAPTER VI     IDENTIFICATION OF GENE TARGETS FOR IMPROVED ACETIC 
ACID TOLERANCE IN SACCHAROMYCES CEREVISIAE THROUGH INVERSE 
METABOLIC ENGINEERING 
 
 
 
 
 
 
 
 
 
 
 
 
 
The content of this chapter is in preparation for submission. I performed the research with help 
from Na Wei and Dr. Yong-Su Jin was the director of the research. 
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6.1 Introduction 
Biofuel production from cellulosic biomass has been studied extensively, because the 
sources of the biomass are more sustainable and abundant compared to crop-based sources such 
as corn and sugarcane (Hahn-Hägerdal et al., 2006; Ragauskas et al., 2006). Cellulosic biomass 
derived from agricultural and forestry residues contains plant cell wall carbohydrates, and 
efficient conversion of cellulose and hemicellulose into fermentable sugars is essential for 
successful value-added chemical production at an industrial scale (Alper and Stephanopoulos, 
2009). Because hemicellulose and lignin contain acetyl groups, treatments of those fractions for 
obtaining fermentable sugars yield unavoidable acetic acid ranging from 1 to 15 g/L (Klinke et 
al., 2004). The yeast, Saccharomyces cerevisiae, the most widely used microorganisms for 
producing value-added chemicals can be negatively affected by the acetic acid present in 
hydrolyzates as a fermentation inhibitor. 
 At low pH, especially below the acetic acid pKa value, acetic acid is the undissociated 
from, and it can enter into the cell by passive diffusion (Mollapour and Piper, 2007). Once inside 
the cell, the undissociated acid dissociates because of a higher intracellular pH, resulting in free 
protons and anions. In order to maintain the neutral intracellular pH, the cell pumps out the 
protons by the plasma membrane ATPase. The expense of ATP and the anion accumulated 
inside the cell impair essential metabolic functions (Krebs et al., 1983; Pampulha and Loureiro-
Dias, 2000). In addition, the cell undergoes a programmed cell death (PCD) process when it is 
exposed to lethal concentrations of acetic acid (Giannattasio et al., 2013). For these reasons, the 
existing acetic acid in hydrolyzates can be a bottleneck in conversion of fermenting sugars by S. 
cerevisiae, and many researchers have attempted to improve acetic tolerance in S. cerevisiae.    
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 Inverse metabolic engineering is a combinatorial approach for optimizing cellular 
phenotypes. This approach has several advantages in developing strains with the desired traits. 
First, the introduction of the libraries for genetic perturbations into platform microorganisms 
allows a variety of phenotypes. Second, contrary to random mutagenesis and screening, 
identification of genetic perturbations for the desired phenotypes are traceable. Third, the 
obtained the gene targets responsible for improving the phenotypes are transferable to other 
strains (Santos and Stephanopoulos, 2008). Inverse metabolic engineering approaches using 
genomic libraries have been implemented to identify the gene targets for improving phenotypes 
in S. cerevisiae. For example, the genetic perturbations for improved xylose assimilation, 
galactose fermentation, and ethanol tolerance were successfully identified (Hong et al., 2010; Jin 
et al., 2005; Lee et al., 2011).  
Here, we applied an inverse metabolic engineering approach to improve acetic acid 
tolerance in S. cerevisiae (Fig. 6.1). Through this approach, we identified a gene target RCK1, 
and its overexpression significantly improved acetic acid tolerance under glucose and xylose 
conditions. In addition, the overexpression of RCK1 conferred the improved tolerance to 
oxidative stress.        
 
6.2 Materials and methods 
 
6.2.1 Plasmid and strain construction 
The yeast plasmids and strains used in this study are summarized in Table 6.1. 
Escherichia coli TOP10 was used to amplify the plasmids. The E. coli was grown in Luria-
Bertani medium; 50 µg/mL of ampicillin was added as required. S. cerevisiae CEN.PK2-1D 
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(MATα leu2-3,112 ura3-52 trp1-289 his3-∆1 MAL2-8c SUC2) (Entian and Kötter, 1998) was 
used as the host strain for library construction. S. cerevisiae SR8 is an engineered yeast capable 
of assimilating xylose as the sole carbon source (Kim et al., 2013b). In this study, S. cerevisiae 
D452-2 (MAT α leu2 his3 ura3 can1) (Hosaka et al., 1992) was used as the host strain for testing 
acetic acid tolerance in glucose fermentation, and S. cerevisiae SR8 was used for xylose 
fermentation. S. cerevisiae SR8 tryptophan auxotrophic mutant was created by using RNA-
guided Cas9 nuclease as Zhang et al. described (Zhang et al., 2014). In order to construct 
overexpression cassette, the RCK1 gene was PCR amplified from the genomic DNA of S. 
cerevisiae D452-2, and cloned into the pRS series of vectors (pRS406, pRS423, pRS424) 
containing TDH3 promoter and CYC1 terminator using the restriction enzyme sites BamHI and 
XhoI. The resulting plasmids expressing RCK1 and empty plasmids were transformed using the 
high-efficiency yeast transformation (Gietz and Schiestl, 2007). To select the positive 
transformants using an auxotrophic marker, yeast synthetic complete (SC) medium was used, 
which contained 6.7 g/L of yeast nitrogen base plus 20 g/L of glucose, 20 g/L of agar, and CSM-
Leu-Trp-Ura-His (MP Biomedicals, Santa Ana, CA), with a supply of appropriate nucleotides 
and amino acids. 
 
6.2.2 Construction of S. cerevisiae genomic library and yeast transformation 
The genomic DNA of the S. cerevisiae S288C strain was used to construct the genomic 
library as previously described (Christianson et al., 1992; Lee et al., 2011). Briefly, genomic 
DNA fragments (2-5 kb) were generated by sonication and ligated into a multi-copy plasmid 
pRS424 with TRP1 as an auxotrophic selection marker (Christianson et al., 1992; Sikorski and 
Hieter, 1989). Plasmid extraction was performed using the QIAprep Spin Miniprep Kit 
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(Germantown, MD). The genomic library was transformed to the S. cerevisiae strain CEN.PK2-
1D using LiAc/PEG methods (Gietz and Schiestl, 2007). 
 
6.2.3 Selection of transformants with acetic acid tolerance 
Yeast genomic library transformants were inoculated on SC medium agar plates, which 
contained glucose and toxic level of acetic acid (5.0 g/L). The pH of the agar plates was adjusted 
to be 4.0 so that acetic acid was predominantly undissociated. The CEN.PK2-1D strain harboring 
pRS424GPD plasmid was used as the control at all conditions. Fast growing transformants were 
isolated from the plates with acetic acid, and then, the cell growth and sugar consumption rates 
of the isolated transformants were evaluated in liquid SC medium containing acetic acid and 
glucose. Plasmids from the selected transformants were isolated by Zyppy Plasmid Miniprep Kit 
(Zymo Research) and amplified by E. coli transformation. The isolated plasmids were re-
transformed to the CEN.PK2-1D strain to verify the effects of the plasmids on acetic acid 
resistance. 
 
6.2.4 Insert identification 
The verified plasmids showing effects in improving acetic acid resistance were 
sequenced using T3 and T7 primers to determine the nucleotide sequences of the inserted 
genomic DNA fragments. Sequences were compared to the S. cerevisiae genome sequence to 
identify the insert sizes and open reading frames.  
 
6.2.5 Culture conditions and fermentation experiments 
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The yeast strains were routinely cultivated at 30°C in YP medium (10 g/L of yeast extract 
and 20 g/L of peptone) with 20 g/L of glucose. The recombinant strains were grown in SC 
medium containing CSM-Leu-Trp-Ura-His (MP Biomedicals, Santa Ana, CA) with a supply of 
appropriate amino acids and 20 g/L of glucose to prepare inoculums for the fermentation 
experiments. The cells were harvested in the mid-exponential phase and inoculated into the 
experimental flasks after washing them twice with sterilized water. Fermentation experiments 
under oxygen-limited conditions were performed using 25 mL of medium with the appropriate 
sugars at 30 ˚C and 100 rpm with initial optical densities (OD) at 600 nm of 1.0. In order to test 
acetic acid tolerance, YP medium containing 80 g/L of glucose or 40 g/L of xylose was used 
with 5 g/L of acetic acid added. All fermentation experiments were performed in duplicate.      
 
6.2.6 Measurement of sensitivity to hydrogen peroxide-induced oxidative stress 
Sensitivity to hydrogen peroxide-induced oxidative stress was measured by the yeast 
cells which were grown in 5 mL of YP medium containing 20 g/L glucose until the stationary 
phase at 30 ˚C. Optical density (OD600) was measured and adjusted to an OD600 of 1.0. Then ten-
fold serial dilution was performed, and 5 μL of each diluted sample was spotted on a separate YP 
agar plate containing 20 g/L of glucose and hydrogen peroxide (0-4 mM). The plates were 
incubated at 30 °C for 2-3 days.  
 
6.2.7 Measurement of intracellular reactive oxygen species (ROS) under oxidative stress 
conditions 
Intracellular ROS was measured using 2’,7’-dichlorofluorescein diacetate (DFCH-DA) 
(Sigma-Aldrich, St. Louis, MO) as previously described (Wang and Joseph, 1999). Cells were 
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grown overnight in 5 mL of YP medium containing 20 g/L glucose. 1  107 cells were washed 
with distilled water three times and resuspended in 500 μL of SC medium containing 20 g/L 
glucose and 40 μM DFCH-DA. After incubation of the cell suspensions with DFCH-DA for 1 
hour at 30 ˚C, the cells were washed with distilled water three times again, and cultured in SC 
medium containing 20 g/L glucose and 30 mM H2O2 to provide oxidative stress. After incubation 
for 2 hours at 30 ˚C, 5  107 cells were put into 200 μL of distilled water. The DCFH-DA-loaded 
cells were washed with distilled water three times to remove the medium, and the 200 μL of cell 
suspensions were put into 96-well plates to measure the fluorescence using SpectraMax M5 
microplate reader (Molecular Devices, Sunnyvale, CA) after adjusting cell density to OD600 of 
0.5. The excitation filter was set at 485 nm and the emission filter was set at 530 nm. The 
obtained fluorescence values were divided by their optical densities (OD) at 600 nm. All 
fluorescence experiments were performed in triplicate.      
 
6.2.8 Analytical methods 
Cell growth was monitored by OD at 600 nm using a UV-visible spectrophotometer 
(Biomate 5, Thermo, NY). The glucose, xylose, xylitol, glycerol, acetate and ethanol 
concentrations were determined by high performance liquid chromatography (HPLC, Agilent 
Technologies 1200 Series) equipped with a refractive index detector using a Rezex ROA-
Organic Acid H+ (8%) column (Phenomenex Inc., Torrance, CA). The column was eluted with 
0.005 N of H2SO4 at a flow rate of 0.6 mL/min at 50 ˚C. 
 
6.3 Results 
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6.3.1 Screening of transformants exhibiting improved acetic acid tolerance 
A total of 30 fast-growing transformants were isolated from plates containing 5 g/L acetic 
acid and 35 g/L glucose. The isolated colonies were further screened in liquid SC medium with 
acetic acid to identify strains with superior resistance against acetic acid. Among the 30 
transformants, three fast-growing ones (#22, #24, and #28) were selected (Fig. 6.2A). Plasmids 
from the three selected transformants were isolated and re-transformed into the parental strain (S. 
cerevisiae CEN.PK2-1D) to confirm the effects. Only plasmid #22 showed positive effects in the 
re-transformed strains comparable to that in the original transformants in terms of cell growth 
under acetic acid stress (Fig. 6.2B). The other two plasmids did not lead to improved acetic acid 
resistance in the re-transformed strains, indicating that the increased resistance in the original 
transformant might be due to unknown genome mutations. Sequence analysis of the plasmid #22 
identified that it harbored a complete sequence of the gene RCK1, which encodes for a protein 
kinase involved in the response to oxidative stress (Table 6.2) (Bilsland et al., 2004).   
 
6.3.2 Improved acetic acid tolerance through RCK1 overexpression in glucose 
fermentation 
In order to examine if RCK1 is an effective gene target for improving acetic acid 
tolerance in yeast, we constructed two RCK1-expressing plasmids (pRS406-RCK1 and pRS423-
RCK1), and transformed them into the S. cerevisiae D452-2 strain. The RCK1 overexpression 
cassette was integrated into the genome of D452-2, resulting in the D406R strain, and an empty 
integrative vector was transformed into the D452-2 strain to construct the control strain D406C 
(Table 6.1). As expected, D406R consumed glucose much faster than the control strain in the 
presence of 5 g/L of acetic acid at pH 4.0 (Fig. 6.3A and B). Although there was a long lag phase 
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before starting glucose consumption, D406R consumed 70 g/L of glucose in 60 hours. The 
ethanol productivity of D406R (0.470 ± 0.009 g/L∙h) was significantly higher than that of D406C 
(0.035 ± 0.000 g/L∙h). Based on those observations, we hypothesized that higher copy numbers 
of the RCK1 gene might further improve acetic acid tolerance. To test this hypothesis, we used a 
multi-copy plasmid overexpressing RCK1 (pRS423-RCK1). The RCK1-overexpressing strain 
using the multi-copy plasmid (D423R) consumed 80 g/L of glucose in 48 hours under the same 
conditions as in previous experiments, whereas the control strain (D423C) consumed 13 g/L of 
glucose (Fig. 6.3C and D). Compared to D406R (36 hours), D423R showed a much shorter lag 
phase (< 24 hours). The specific glucose consumption rate of D406R was 0.480 ± 0.012 g/g 
cell∙h, and D423R’ rate was 0.865 ± 0.008 g/g cell∙h. These results showed that overexpression 
of RCK1 enhanced acetic acid tolerance. Moreover, the increased copy number of the RCK1 
gene further improved acetic acid tolerance, resulting in a shorter lag phase and higher specific 
glucose consumption rate as compared to single-copy integration of RCK1.  
 
6.3.3 Improved acetic acid tolerance through RCK1 overexpression in xylose fermentation 
Because xylose is the second most abundant sugar in cellulosic hydrolyzates (Kim et al., 
2012b), efficient xylose utilization in the presence of acetic acid is essential for the successful 
microbial fermentation of cellulosic hydrolyzates. We tested how the overexpression of RCK1 
would affect acetic acid tolerance in xylose fermentation. The efficient xylose-fermenting strain 
SR8 was used as the host strain for the overexpression of RCK1. When fermenting 40 g/L of 
xylose with 5 g/L acetic acid, the phenotypic differences between the RCK1-overexpressing 
strain (SR8R) and the control strain (SR8C) were obvious. SR8R consumed 13 g/L of xylose 
within 96 hours, showing a significant increase of the xylose consumption rate to 0.139 ± 0.001, 
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while SR8C did not consume xylose at all (Fig. 6.4). Although the overexpression of RCK1 
improved acetic acid tolerance in the xylose fermentation, the improvement was not significant 
when compared to the glucose fermentation by D423R, indicating that xylose fermentation was 
more sensitive to acetic acid than glucose fermentation was (Helle et al., 2004). These results 
suggested that the overexpression of RCK1 in engineered S. cerevisiae enhanced acetic acid 
tolerance under both glucose and xylose conditions.   
 
6.3.4 Effects of RCK1 overexpression on cell growth under low pH conditions 
In this study, we tested the effects of RCK1 overexpression on acetic acid tolerance using 
YP medium containing 5 g/L of acetic acid, of which pH value was around 4.0, indicating that 
the fermentation condition might exert stresses from both low pH and acetic acid. The low pH 
values affect not only biochemical processes such as enzyme reactions and protein folding, but 
also the organization of the cell wall in S. cerevisiae (Kapteyn et al., 2001; Orij et al., 2009). In 
order to examine whether the RCK1 overexpression improved tolerance to low pH conditions as 
well, we cultured the D423C and D423R strains in YP medium containing 40 g/L of glucose 
with various initial pH ranging from 2.0 to 6.0, and compared cell biomass (OD600) at 12 hours 
(Fig. 6.5). As we increased the initial pH of the media, the cell growth of both strains increased 
gradually, indicating low pH conditions inhibited cell growth. In addition, we observed that there 
was no difference in cell growth between the control strain (D423C) and RCK1-overexpressing 
strain (D423R). Taken together, the overexpression of RCK1 improved acetic acid tolerance, but 
did not help stress response to low pH conditions.            
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6.3.5 Effects of RCK1 overexpression on tolerance to oxidative stress 
When S. cerevisiae was exposed to acetic acid stress, accumulation of reactive oxygen 
species (ROS) occurs in the cell, resulting in acetic acid-induced programmed cell death (AA-
PCD) (Guaragnella et al., 2007). In previous studies, levels of intracellular ROS in the acetic 
acid-tolerant strains were significantly lower than those in the control strains, indicating that 
increased acetic acid tolerance might be closely related to the cellular capacities to reduce levels 
of intracellular ROS. As a result, reducing the levels of intracellular ROS can protect cells from 
the damage caused by high levels of intracellular ROS (An et al., 2015; Zheng et al., 2011). 
Based on the previous results, we hypothesized that RCK1 overexpression might increase 
tolerance to oxidative stress (H2O2) by reducing the intracellular ROS. In order to test the 
hypothesis, we first tested the tolerance to H2O2 by a spotting assay using the plates containing 0 
to 4 mM of H2O2. As shown in Fig. 6.6A, the D423R strain exhibited an enhanced tolerance as 
compared to the D423C strain. The effect of RCK1 overexpression on improving capacity to 
reduce the levels of intracellular ROS was also demonstrated using the dichlorofluorescein 
(DCF) assay. The amount of intracellular ROS was evaluated by fluorescence intensity per cell 
when the cell density was adjusted to an OD600 of 0.5 (Fig 6.6B). Without the treatment of H2O2, 
the RCK1-overexpressing strain (D423R) and control strain (D423C) showed similar levels of 
ROS accumulation, suggesting that the overexpression of RCK1 did not affect accumulation of 
intracellular ROS under normal conditions. In contrast, we observed substantial increases in ROS 
accumulation in both strains after addition of H2O2 to the medium. Interestingly, the D423R 
strain exhibited a 40% lower accumulation of ROS than the D423C strain, indicating that 
overexpression of RCK1 improved the ability to reduce the intracellular ROS and activated 
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cellular mechanisms for ROS removal. The results were consistent with those obtained from the 
spotting assay using H2O2.                   
6.4 Discussion 
Because of the inhibitory effects of acetic acid on industrial yeast fermentation using 
cellulosic hydrolyzates, many studies have attempted to elucidate the stress resistance 
mechanisms and overcome the limitations by developing acetic acid-tolerant strains. The HAA1 
gene is a well-known transcription activator which is related to adaptation to weak acids, and its 
overexpression in S. cerevisiae enhanced acetic acid tolerance markedly by reducing the 
accumulation of intracellular acetic acid (Tanaka et al., 2012). In addition to this rational 
approach, various combinatorial approaches were also performed. Ultraviolet (UV) mutation 
followed by genome shuffling improved the ethanol productivity of S. cerevisiae under acetic 
acid stress (Zheng et al., 2011). Acetic acid-tolerant strains were also isolated by laboratory 
evolution based on the continuous selection cultures (Wright et al., 2011) and screening of the 
library of the mutant TATA-binding protein encoded by the SPT15 gene (An et al., 2015). Here, 
the inverse metabolic engineering approach enabled us to identify endogenous gene targets for 
enhancing acetic acid tolerance in S. cerevisiae. Since high tolerance to acetic acid is essential to 
initiate the sugar metabolism and cell growth, high throughput screening methods were 
implemented based on cell growth such as selection by the size of the colonies and OD600. Thus, 
we identified a beneficial genetic perturbation for improving acetic acid tolerance rapidly and 
efficiently. Introduction of the identified gene target RCK1 into various host strains (S. cerevisiae 
CEN.PK2-1D, D452-2, and SR8) improved acetic acid tolerance consistently, suggesting the 
approaches developed in this study worked well. The strategy demonstrated here might be 
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applicable for identifying genetic perturbations for improving other fermentation inhibitors such 
as HMF and furfural. 
 The RCK1-overexpressing strains consistently exhibited higher glucose consumption 
rates than the control strains containing the empty vectors, regardless of the copy numbers of the 
RCK1 gene. However, there were differences in the lag phases between the multi- (D423R 
strain) and single- (D406R strain) copy overexpression of RCK1. Although the single-copy 
overexpression of RCK1 significantly improved acetic acid tolerance over the control strain, the 
resulting strain D406R exhibited a long lag time before starting sugar metabolism. Higher copy 
numbers of RCK1 reduced the lag phase from 36 hours to 24 hours, and showed a 36 % higher 
specific glucose consumption rate than the single-copy integration of RCK1. These results 
indicated that the RCK1 gene might play an important role in the response to acetic acid stress. A 
potential problem with the auxotrophic expression system using multi-copy plasmids is plasmid 
stability. Since additional plasmids impose a metabolic burden on the host, engineered yeast 
harboring them usually kick them out in non-selective media (Zhang et al., 1996). Therefore, 
integration of expression cassettes at multiple sites using the delta sequence of yeast 
retrotransposon Ty (Sakai et al., 1990) and the CRISPR-Cas9 system (Zhang et al., 2014) might 
be a solution for stable expression of RCK1 in industrial-scale fermentation using cellulosic 
hydrolyzates.     
 The effect of RCK1 overexpression on the tolerance to oxidative stress in recombinant S. 
cerevisiae was evaluated. The toxicity of acetic acid is closely associated with the levels of 
intracellular ROS. The RCK1 gene encodes a protein kinase involved in the response to oxidative 
stress, and its overexpression significantly improved tolerance to H2O2 compared to the control 
strain, resulting in a reduced accumulation of intracellular ROS when the strains were exposed to 
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H2O2. In previous studies, Rck1 up-regulated the hog1 pathway (Chang et al., 2013), 
corresponding to a protein-protein interaction network between two genes. Rck1 and Hog1 
showed a strong association including binding and catalysis (Fig. 6.7). The HOG1 gene encodes 
a mitogen-activated protein kinase (MARK), and the MARK pathway is involved in sequential 
phosphorylation for responding to environmental stresses such as high osmolarity and oxidative 
stress (Gustin et al., 1998; Posas et al., 1998). Rck1 and the HOG pathway are required for 
reducing oxidative stress, and active hog1, as the terminal MAPK of this kinase cascade, confers 
acetic acid tolerance (Bilsland et al., 2004; Mollapour and Piper, 2006). Based on previous 
studies and our observations, the acetic acid tolerance obtained by the overexpression of RCK1 
might be strongly associated with the activation of Hog1. Overexpression of RCK1 up-regulated 
Hog1 and the activation of Hog1 MAPK might induce a protective response to acetic acid stress 
and lead to the acquisition of acetic acid tolerance.  
 In summary, RCK1 was identified as an overexpression target for enhancing acetic acid 
tolerance through the inverse metabolic engineering approach. The overexpression of RCK1 
significantly improved acetic acid tolerance under both glucose and xylose conditions. These 
results indicate that RCK1 can be a useful genetic perturbation for industrial fermentation using 
cellulosic hydrolyzates. We envision that the sugar consumption rate and productivity can be 
further improved when we use industrial yeast strains as fermentation platforms. Enhanced 
tolerance to oxidative stress in the RCK1-overexpressing strain suggested that overexpression of 
RCK1 might be strongly related to the stress response pathway mediated by Hog1. Additional 
work will be needed to elucidate the underlying mechanisms of the RCK1 overexpression in 
engineered S. cerevisiae.             
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6.5 Figures and tables 
 
 
 
 
 
Fig. 6.1 Overall scheme for screening the yeast transformants for improved acetic acid tolerance. 
A library of genomic fragments with the pRS424 plasmid was constructed and transformed into 
S. cerevisiae CEN.PK2-1D. After evaluating 30 transformants under acidic conditions, three 
fast-growing ones were identified. Plasmids from each were isolated and re-transformed into the 
CEN.PK2-1D strain to confirm the effects. 
 
 
 
 
 
 
 
 
137 
 
 
 
 
 
Fig. 6.2 Evaluation of the transformants under acidic conditions. 30 large colonies were selected 
from plates containing 5 g/L acetic acid and 35 g/L glucose (A). C represents the control strain 
CEN.PK2-1D. Among the 30 transformants, three fast-growing ones (#22, #24, and #28) were 
identified. The corresponding plasmids were isolated from the three colonies and evaluated again 
after re-transforming them into the parental strain (B).  
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Fig. 6.3 Effects of RCK1 overexpression on glucose fermentation under acidic conditions. Tests 
were done on the S. cerevisiae D452-2 strains harboring (A) single-copy empty, (B) single-copy 
RCK1 overexpressing, (C) multi-copy empty, and (D) multi-copy RCK1 overexpressing 
plasmids. Fermentations were performed in YP medium containing 80 g/L glucose and 5 g/L 
acetic acid under oxygen-limited conditions. The initial cell density was adjusted to 0.29 g/L 
(OD600 = 1). The results are the mean of duplicate experiments; the error bars indicate the 
standard deviations and are not visible when smaller than the symbol size. Symbols: cell growth 
(open circle), glucose (solid square), acetic acid (solid triangle up), and ethanol (solid diamond). 
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Fig. 6.4 Comparison of the control (A) and RCK1 overexpressing (B) SR8 strains showing the 
effects of RCK1 overexpression on xylose fermentation under acidic conditions.  Fermentations 
were performed in YP medium containing 40 g/L xylose and 5 g/L acetic acid under oxygen-
limited conditions. The initial cell density was adjusted to 0.29 g/L (OD600 = 1). The results are 
the mean of duplicate experiments; the error bars indicate the standard deviations and are not 
visible when smaller than the symbol size. Symbols: cell growth (open circle), xylose (solid 
triangle down), acetic acid (solid triangle up), and ethanol (solid diamond). 
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Fig. 6.5 Cell growth under various low pH conditions. The control (D423C) and RCK1- 
overexpressing (D423R) strains were cultured in YP medium containing 40 g/L of glucose with 
various initial pHs ranging from 2.0 to 6.0. The initial cell density was adjusted to 0.029 g/L 
(OD600 = 0.1) and the cell growth was measured at 12 hours. The results are the mean of 
duplicate experiments; the error bars indicate the standard deviations. 
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Fig. 6.6 Effects of RCK1 overexpression on tolerance to oxidative stress (H2O2). The control 
(D423C) and RCK1-overexpressing (D423R) strains were tested for tolerance to oxidative stress 
using a spotting assay (A) and dichlorofluorescein (DCF) assay (B). The levels of intracellular 
ROS were measured after incubating the cells with and without H2O2 for 2 hours.    
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Fig. 6.7 Predicted protein-protein interactions with Rck1. The thicker lines represent stronger 
associations. This figure was derived from STRING (functional protein association networks, 
www.string-db.org)
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Table 6.1 Strains and plasmids used in this study 
 
Strain or plasmid Description Reference or source 
    Strains   
S. cerevisiae CEN.PK2-1D   MATα, ura3-52, trp1-289, leu2-3/112, his3Δ1, MAL2-8C, SUC2 (Entian and Kötter, 1998) 
S. cerevisiae D452-2   MATα, leu2, his3, ura3, and can1 (Hosaka et al., 1992) 
S. cerevisiae SR8  
D452-2 expressing XYL1, XYL2, and XKS1 through integration (two  
copies for each gene), evolutionary engineering in xylose-containing  
media, and ALD6 deletion; point mutation Gly253Asp in the PHO13 gene 
(Kim et al., 2013b) 
S. cerevisiae SR8 trp1∆   SR8 trp1 auxotrophic mutant (Zhang et al., 2014) 
    S. cerevisiae D406C   D452-2 ura3::URA3 pRS406 This study 
    S. cerevisiae D406R   D452-2 ura3::URA3 pRS406-RCK1 This study 
    S. cerevisiae D423C   D452-2 his3::HIS3 pRS423 This study 
S. cerevisiae D423R   D452-2 his3::HIS3 pRS423-RCK1 This study 
    S. cerevisiae SR8C   SR8 trp1∆ trp1::TRP1 pRS424 This study 
    S. cerevisiae SR8R   SR8 trp1∆ trp1::TRP1 pRS424-RCK1 This study 
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Table 6.1 (cont.) 
 
Strain or plasmid Description Reference or source 
    Plasmids   
pRS423   2 µm origin, HIS3 (Christianson et al., 1992) 
pRS424   2 µm origin, TRP1 (Christianson et al., 1992) 
pRS406   Integration plasmid, URA3 (Sikorski and Hieter, 1989) 
pRS423-RCK1   pRS423 TDH3p-RCK1-CYC1t This study 
    pRS424-RCK1   pRS424 TDH3p-RCK1-CYC1t This study 
    pRS406-RCK1   pRS406 TDH3p-RCK1-CYC1t This study 
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Table 6.2 Identification of open reading frames (ORFs) from the three isolated plasmids 
 
Plasmid # ORF identified Function of the gene a 
22 
RCK1 
(YGL158W) 
Protein kinase involved in the response to oxidative stress; identified 
as suppressor of S. pombe cell cycle checkpoint mutations; RCK1 has 
a paralog, RCK2, that arose from the whole genome duplication 
24 
DET1 
(YDR051C) 
Acid phosphatase; involved in the non-vesicular transport of sterols 
in both directions between the endoplasmic reticulum and plasma 
membrane; deletion confers sensitivity to nickel 
28 
MPP6 
(YNR024W) 
Nuclear exosome-associated RNA binding protein; involved in 
surveillance of pre-rRNAs and pre-mRNAs, and the degradation of 
cryptic non-coding RNAs (ncRNA) 
 
a The description were all from Saccharomyces Genome Database (SGD)  
(www.yeastgenome.org) 
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CHAPTER VII     SUMMARY AND FUTURE STUDIES 
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7.1 Summary 
 Development of optimized yeast strains is an essential prerequisite for the successful 
conversion of cellulosic hydrolyzates to biofuels and value-added chemicals. The research 
directions of this dissertation include: 1) the identification of genetic perturbations for efficient 
cellobiose fermentation, 2) the application of the simultaneous co-utilization of cellobiose and 
xylose, and 3) the improvement of acetic acid tolerance in engineered S. cerevisiae. In order to 
achieve these goals, rational and combinatorial metabolic engineering strategies were 
implemented, and the results expanded our understanding of the associations between the genetic 
perturbations and the improved phenotypes. In addition, the integration of the findings broadened 
the available carbon sources for bioconversion and the range of products from cellulosic 
biomass. The findings from each chapter are summarized below. 
First, I performed laboratory evolution to enhance cellobiose fermentation by engineered 
S. cerevisiae expressing cellodextrin transporter (cdt-1) and β-glucosidase (gh1-1). Although the 
single copy integrant showed a slow cellobiose consumption rate when cdt-1 and gh1-1 were 
integrated into the genome of the yeast, the copy numbers of cdt-1 and gh1-1 in the engineered 
yeast increased gradually during serial subcultures on cellobiose. The evolved strain (EJ2) 
exhibited a 15-fold higher cellobiose fermentation rate than the parental strain (EJ1). In order to 
identify the mutations responsible, genome sequencing was performed. Although no mutations 
affecting the cellobiose fermentation were identified, the evolved strain contained 9 copies of 
cdt-1 and 23 copies of gh1-1. These results suggested that copies of genes coding for metabolic 
enzymes might be amplified in yeast if there is a growth advantage, and the cellobiose 
assimilation pathway (transport and hydrolysis) might be a rate-limiting step in the engineered 
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yeast. In addition, this study suggested that on- demand gene amplification might be an efficient 
strategy for metabolic engineering of yeast. 
Next, I applied the simultaneous co-utilization of cellobiose and xylose strategy to xylitol 
production. Insufficient supply of NADPH for xylose reductase (XR) and the inhibition of xylose 
uptake by glucose had been identified as major constraints for achieving high xylitol 
productivity. An engineered S. cerevisiae (D-10-BT) expressing XR, cellodextrin transporter 
(cdt-1) and intracellular β-glucosidase (gh1-1) produced xylitol via the simultaneous utilization 
of cellobiose and xylose. The D-10-BT strain exhibited a 40% higher volumetric xylitol 
productivity with the co-consumption of cellobiose and xylose compared to the sequential 
utilization of glucose and xylose. Furthermore, the overexpression of S. cerevisiae ALD6, IDP2, 
or S. stipitis ZWF1 coding for cytosolic NADP+-dependent dehydrogenases increased the 
intracellular NADPH availability of the D-10-BT strain, which resulted in a 37-63% 
improvement in xylitol productivity when cellobiose and xylose were co-consumed. These 
results suggested that the co-utilization of cellobiose and xylose can lead to improved xylitol 
production through enhanced xylose uptake and efficient cofactor regeneration.  
Synthetic biology approaches were used to integrate the three heterologous pathways 
(cellobiose, xylose, and acetic acid) into one microbial platform. First, cellodextrin transporter 
(cdt-1) and β-glucosidase (gh1-1) genes were integrated into the genome of the efficient xylose-
fermenting strain SR8. Laboratory evolution produced the EJ4 strain, which could co-utilize 
cellobiose and xylose simultaneously. Second, adhE from E. coli encoding for acetylating 
acetaldehyde dehydrogenase was expressed in EJ4 to introduce the acetic acid reduction 
pathway. This achieved the simultaneous co-utilization of cellobiose, xylose, and acetic acid in a 
synergistic way. This approach allowed not only the utilization of the previously unused carbon 
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(acetic acid) for bioconversion, but also the reduction of the fermentation inhibitor. These results 
demonstrated that the mixed substrate co-utilization strategy using cellulosic hydrolyzates can be 
a cost-effective bioconversion process. 
Because acetic acid as an unavoidable component negatively affects sugar fermentation 
and the production of ethanol, I attempted to develop acetic acid-tolerant strains besides 
introducing the acetic acid-utilizing pathway (adhE). In order to improve cellobiose fermentation 
under acidic conditions, the cellodextrin transporter CDT-2 was engineered through directed 
evolution. High-throughput screening using flow cytometry was combined with the laboratory 
evolution strategy to isolate the desired mutant CDT-2, exhibiting both high expression levels 
and a high cellobiose consumption rate under low pH conditions. The isolated mutant CDT-2 
(I96N/T487A) showed a 78% higher cellobiose consumption rate under pH 6 conditions than the 
wild type CDT-2. In addition, its cellobiose consumption rate under pH 3 conditions was 92% 
higher than the wild type CDT-2. These results suggested that the mutations on the cdt-2 gene 
(I96N/T487A) located in the transmembrane helix domain and intracellular loop structure might 
contribute to the improvement both of the kinetic properties and the tolerance to low pH 
conditions.  
A genome library screening was performed to identify the genetic perturbations for 
enhancing acetic acid tolerance. The RCK1 gene was found as an overexpression target through 
the inverse metabolic engineering approach. The overexpression of RCK1 significantly improved 
glucose and xylose fermentation under acidic conditions (initially pH 4 with 5 g/L acetic acid 
added), resulting in an increased sugar consumption rate and ethanol productivity. Furthermore, 
the RCK1-overexpressing strains exhibited enhanced tolerance to oxidative stress (H2O2) by 
reducing the intracellular reactive oxygen species (ROS) accumulation as compared to the 
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control strains. Based on the strong interactions between Rck1 and Hog1, these results suggested 
that the overexpression of RCK1 up-regulated the stress response pathway mediated by Hog1, 
and it might reduce the intracellular ROS accumulation caused by acetic acid stress and lead to 
enhanced acetic acid tolerance.   
 
7.2 Future research directions 
 In chapter II, I observed a massive gene amplification of cellobiose-assimilation cassettes 
in the genome during laboratory evolution on cellobiose, and the amplified cassettes were stably 
expressed in the absence of selection pressure (cellobiose). I propose to apply this engineering 
approach to overexpress other gene targets such as the xylose isomerase (xylA) gene for xylose 
assimilation in S. cerevisiae. New gene targets combined with cellobiose-assimilation cassettes 
in the genome might be amplified through laboratory evolution on cellobiose. Their increased 
copy numbers might enable efficient gene expression when fermenting cellulosic hydrolyzates.   
In addition, efficient protein expression using cellulosic hydrolyzates might be possible in the 
engineered yeast after introducing genes encoding for target proteins into the cellobiose-
assimilation cassettes. For example, expression of endolysin in the engineered yeast could further 
improve ethanol productivity by reducing bacterial contamination during the fermentation.  
 In chapters III and IV, the simultaneous co-utilization of cellobiose and xylose 
significantly improved xylitol production, and the co-consumption of cellobiose, xylose, and 
acetic acid enhanced ethanol production in a synergistic way. However, these results were 
obtained from experiments using laboratory yeast strains (D452-2 and SR8) and complex media 
containing pure sugar solutions. Industrial yeast strains have numerous beneficial traits such as 
rapid sugar fermentation and high tolerance to fermentation inhibitors. To confirm the success of 
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the strategies in industrial applications, I propose to introduce the same genetic perturbations into 
industrial yeast strains such as S. cerevisiae ATCC 4124 using the CRISPR/Cas system. In 
addition, the fermentation performances of the constructed strains can be tested in cellulosic 
hydrolyzates.  
 In chapter V, I found that two mutations in CDT-2 (I96N/T487A) contributed to the 
improved tolerance to low pH conditions in cellobiose fermentation. However, I did not examine 
the effect of each mutation on cellobiose fermentation separately. I propose to introduce each 
mutation into the wild type CDT-2 to test the changes in transporter activities under low pH 
conditions. The catalytic properties of the CDT-2 mutants (I96N, T487A, and I96N/T487A) can 
provide more information about how the point mutations induced the phenotype changes.  
 In chapter VI, the overexpression of RCK1 improved the acetic acid tolerance. However, 
additional experiments are needed to elucidate the underlying mechanisms of the RCK1 
overexpression in enhancing the tolerance. In order to understand the improved phenotypes at the 
system level, I can apply western blotting for detecting protein-protein interactions, RNA 
sequencing for analyzing gene expression levels, and metabolomics data for overviewing 
changes in intracellular metabolites. I propose two strategies to further improve acetic acid 
tolerance in the RCK1-overexprssing strain. First, the introduction of the xylose assimilation and 
acetic acid reduction pathways into the RCK1-overexpressing strain might help detoxify the 
acetic acid by utilizing it in the medium. Second, beneficial genetic mutations might be obtained 
through laboratory evolution of the RCK1-overexprssing strain (D406R) under acidic conditions. 
Because the D406R strain can survive in YP medium with 5 g/L acetic acid, the medium should 
be tested during the serial subcultures for gradual increase in the acetic acid concentrations.    
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